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Abstract
Wetlands in mountains are highly dynamic and provide ecosystem services to human wellbeing. Understanding temporal and spatial wetland 
dynamics is crucial for successful management. This paper presents the reconstruction of a mire evolution at a high-altitude Andean val-
ley in central-western Argentina, in subtropical South America (30°-36° S), during the Mid- and Late Holocene. The research is based on 
sedimentological and pollen analysis from a sedimentary section of 3.2 m thick exposed at the El Peñón valley. The record begins with an 
outwash environment after ca. 5700 cal. yrs BP associated with Pteridophytes dominance, followed by the development of a mire environ-
ment after ca. 3700 cal. yrs BP associated with Cyperaceae dominance. The environmental and vegetation changes are hypothesised to have 
occurred in response to a shift from cold to warmer conditions. Colder environments may have occurred again between 800 until < 600 cal. 
yrs BP, probably associated with the Little Ice Age. Tephra inputs are evidenced in the record from 1200 years BP onwards. However, the 
results do not show any conclusive evidence about the impact of volcanism in the dynamics of the wetland. High Amaranthaceae propor-
tions would evidence human activities in the high-altitude valleys of the southern Andes, probably for the last 250 cal. yrs BP. This work 
permitted us to infer the evolution of the El Peñón wetland under multiple concurrent forcing factors from the Mid- Holocene onwards at 
different temporal scales, i.e. climate during the last 5700 yrs, and volcanism and anthropogenic impacts during the last millennium.
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Resumen
Los humedales de montaña son altamente dinámicos y proveen servicios ecosistémicos a la humanidad. La comprensión de la dinámica 
temporal y espacial de los humedales es crucial para un manejo exitoso. Este trabajo presenta la reconstrucción de la evolución de una vega 
de montaña durante el Holoceno Medio y Tardío, en un valle andino del centro-oeste de Argentina, región subtropical de América del Sur 
(30°-36° S). La investigación está basada en los análisis sedimentológico y polínico de una sección sedimentaria de 3,2 m de potencia, 
expuesta en el valle El Peñón. El registro comienza con un ambiente de planicie glacifluvial posterior a los 5700 años cal. AP, asociado con 
dominancia de Pteridofitas, seguido por el desarrollo de un ambiente de vega luego de los 3700 años cal. AP, asociado con dominancia 
de Cyperaceae. Los cambios ambientales y de vegetación habrían ocurrido en respuesta a un cambio de condiciones frías a más cálidas. 
Condiciones más frías habrían ocurrido nuevamente entre los 800 y < 600 años cal. AP, asociadas probablemente con la Pequeña Edad 
de Hielo. Se observaron depósitos de cenizas volcánicas en el registro a partir de los 1200 cal. años AP. Sin embargo, los resultados no 
muestran evidencia concluyente sobre los impactos del volcanismo en la dinámica del humedal. Altas proporciones de Amaranthaceae se 
vincularían con actividades humanas en estos valles montañosos de Los Andes, probablemente en los últimos 250 cal. años AP. Este trabajo 
nos permitió inferir la evolución del humedal en el valle El Peñón bajo múltiples y concurrentes factores ambientales desde el Holoceno 
Medio en adelante en diferentes escalas temporales, i.e. el clima durante los últimos 5700 años, y el volcanismo y el impacto antrópico 
durante el último milenio.
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Introduction

Mountain landscapes are highly dynamic because of an 
active morphogenesis in response to autogenic and/or allo-
genic forcing (e.g. tectonisms, volcanism and/or climatic 
change). Lakes and wetlands, including peatlands/mires, are 
part of that mountain dynamics and will become widespread 
as mountain glaciated areas recede (http://​www.​mount​ainwa​
terfu​tures.​ca/​wetla​nds.​html, last visited August 2020). Wet-
lands are considered biodiversity cores and hydrological 
regulators because of water-quality improvement, flood 
abatement and carbon management, and are suppliers of eco-
system services contributing to human wellbeing (Malvárez, 
1999; Tooth et al., 2015; Clarkson et al., 2013). Despite all 
these positive aspects, nearly 50% of the wetland areas have 
been lost worldwide and the condition of remaining wet-
lands is declining (Clarkson et al., 2013). In such a context, 
Grenfell et al. (2019) stated that the understanding of the 
temporal and spatial scales of wetland dynamics is crucial 
to successful wetland management and restoration. Besides, 
these authors indicate that long-term landscape processes 
provide a suitable base with which hydrology interacts, 
allowing wetland formation.

In the high Andes of central Argentina, in subtropical 
South America, wetlands are scarce (< 6% of the region) and 
are developed mostly as high altitude mires and/or muddy 
environments (barreales) (Benzaquén et al., 2017). The cur-
rent knowledge about the long-term evolution –centennial 
and millennial timescales- of these wetland environments 
is deficient. During the last decades, research work has 
been carried out in the central-western region of Argentina 
to detect and analyse Late Quaternary archives that allow 
disentangling the palaeoenvironmental evolution of fluvial 
systems and the history of vegetation in central-western 
Argentina (e.g. Mehl and Zárate, 2012; Mehl and Zárate, 
2014; Navarro et al., 2012 and references therein; Rojo 
et al., 2012, 2018). However, only few studies have been 
conducted in high Andean peatbogs/mire environments, i.e. 
Salina 2 and Salado peatbog sites (Markgraf, 1983) and El 
Peñón valley mire (Espizua, 2005; Espizua and Pitte, 2009). 
Salina 2 and Salado sites document wetter and colder condi-
tions than present previous to 3000 yrs. BP; then, similar-
to-present conditions were established. At El Peñón valley, 
three Holocene glacier advances were inferred based on 
geomorphologic and radiocarbon chronologic controls from 
mire deposits (Espizua 2005; Espizua and Pitte, 2009); two 
of them inferred between 5000 and 2000 yrs. BP and the 
youngest one, linked, according to the authors, to the Little 
Ice Age (LIA).

This paper presents sedimentological and pollen anal-
yses conducted at a sedimentary section (Vega El Peñón 
-VEP- section site) that records the last 5700 cal. yrs in the 

El Peñón valley. The aim is to reconstruct the Mid- and Late 
Holocene environmental evolution of a high-mountain wet-
land, in a sensitive climatic setting with an active morpho-
dynamics. In this research we assess how sensitive the wet-
land has been to environmental factors, e.g. climate change, 
volcanism and / or anthropogenic impacts, and which of 
them have been the main drivers of the wetland evolution. 
To address these questions, we firstly present the geologi-
cal and environmental contexts of the study area. Then, we 
report the results of the chronology, and sedimentological 
and pollen records. And finally, we propose a scheme of wet-
land evolution in which the palaeoenvironmental inferences 
as well as the scope and limitations of the studied records 
are discussed.

Study Area

The El Peñón valley (35°15’ S, 70°31’ W) is in the high 
Andes cordillera (Mendoza province, Argentina) close to the 
present-day-active Peteroa-El Planchón volcanic complex 
(Fig. 1) and in the headwaters of the Valenzuela River basin. 
It is a valley of ~ 3.9 km2 that records glacier variations 
related to Mid-Holocene neoglacial advances (El Peñón and 
Peteroa moraines) and to the Little Ice Age (LIA; Amarilla I, 
II and III lateral moraines set) (Espizua, 2005; Espizua and 
Pitte, 2009). Currently there is a two ice-tongued glacier of 
3.2 km long (Espizua and Pitte, 2009). Besides, an alluvial 
fan has developed at the lower valley and most of the valley 
bottom is covered by a mire of soligenous type reaching up 
to 9 m thick in the upper valley area (Figs. 1, 2a-b). The 
mire is supported by melting water from ice and snow that 
promote groundwater circulation and runoff at the valley. 
The studied section rests inside the latero-frontal moraine 
arc of the El Peñón moraine and ca. 800 ms upwards from 
its terminus. It is exposed at the banks of a perennial stream 
running along a flat floored U shape gully carved on the mire 
surface (Fig. 2).

Moisture supply to the area comes from the Pacific 
Ocean dominantly as winter precipitation as it is located 
to the west of the South American Arid Diagonal defined 
by Bruniard (1982) (Fig. 1). More than 80% of the annual 
precipitation in the region (Viale and Nuñez, 2011) corre-
sponds to snowfalls brought by the extratropical Westerlies 
with a decreasing gradient to the east (Garreaud et al., 2009; 
Viale et al., 2019). The average precipitation is ~ 900 mm/yr 
(Norte, 2000). Mean annual temperature is ~ 10–15° C, with 
a maximum of 15–20° C (January) and a minimum of ~ 10° 
C (July) (Hoffman, 1975).

In the study area the Altoandino phytogeographical 
province (Cabrera, 1976; Méndez, 2011) develops between 
circa 4500—2300 m a.s.l. and the Patagónica province 
below 2300 m a.s.l.. Regional Altoandino vegetation is 
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characterised by grassy and shrubby steppes with cush-
ion plants adapted to strong winds, low air temperatures 
and high solar radiation. Grasslands dominate the Andes 
mountains and valley’s slopes, with species like Poa lig-
ularis, P. holciformis, Stipa speciosa and several taxa of 
genus Festuca, associated to other taxa such as Chuquiraga 
oppositifolia, Lecanophora ameghinoi, Junellia scoparia, 
Oxalis compacta and Azorella lycopodioides, among oth-
ers (Cabrera, 1976; Méndez, 2011; Roig, 1972). At higher 
altitudes, Altoandino grasses dominate as shrubs and other 
herbs diversity decrease because of harsh environmental 
conditions (Méndez, 2011). The genus Adesmia is other 
typical shrubby element of this flora related to Altoandino 
vegetation, with species such as A. pinifolia, A. schneideri 
and A. obovata (Morici et al. 2010; Roig et al., 2000). Below 
2,300 m a.s.l., the lowland valley is characterised by a grassy 
steppe associated with shrubs of Patagónica affinity such as 
Mulinum spinosum, Senna arnottiana, Neosparton aphyl-
lum and Stillingia patagonica. Other common taxa are Schi-
nus fasciculatus, Berberis grevilleana, Junellia juniperina, 
Ephedra breana, Colliguaja integerrima, Acaena splendens, 
and different species of the Asteraceae family (Baccharis, 
Senecio, Nassauvia, Gutierrezia) (Cabrera, 1976; Méndez, 
2011; Roig, 1972; Roig et al. 2000). Nowadays, mires in the 
region are mainly composed of sedges (Cyperaceae), rushes 
(Juncaceae) and humid-adapted grasses (Poaceae) in the 
upper and middle areas of valleys (Méndez 2007; Ruthsatz 

et al. 2020). Other taxa in the mires include Calceolaria 
filicaulis (ssp. luxurians), Draba australis, and Werneria 
pygmaea among others. Taxa such as Calandrinia and Are-
naria grow in mires but also out of them in rocky and/or 
moist soils along with Altoandino and Patagónica plant com-
munities (Méndez 2007; Peralta, 1985; Wingenroth, 2012; 
Zuloaga and Morrone, 1999a, 1999b).

The Valenzuela River basin has been inhabited by hunter-
gatherers since ca. 10,000 yrs BP (Salgán et al. 2015; Durán 
et al. 2016) and pastoral activities, based on European taxa 
such as goats and sheeps, have been developed in the region 
in the last 250 years (Durán, 2000).

Materials and Methods

Field work (austral summer 2014) in the El Peñón glacial 
valley comprised the description of a 3.2 m-thick sedimen-
tary succession (VEP section; 35º14′52.8’’ S, 70º30′13.6″ 
W, 2456 m. a.s.l.) (Figs. 1, 2b) exposed at a gully, including 
qualitative grain-size, thickness of deposits, limits, colour in 
dry samples according to Munsell Color chart (2000), sedi-
mentary structures, geometry and relationships (lateral and 
vertical) of sedimentary units. Sediment sampling was con-
ducted at intervals according to the main noticeable changes 
in the described properties (e.g. 10 cm in average).

Fig. 1   Location of the study 
area. El Peñón study site is 
located in a glacial valley nowa-
days covered by mire vegeta-
tion (red colour in a Sentinel-2 
scene from 06–01-2018, RGB 
843 bands combination). South 
America Arid Diagonal location  
adapted from Bruniard (1982). 
Yellow star: location of the 
studied sedimentary section; 
yellow dashed line: Argentina—
Chile international border; yel-
low solid line: contour lines

Fig. 2   El Peñón valley. a) View 
of the upper part of the valley. 
b) VEP sedimentary section at 
a gully on the northern margin 
of the valley. El Peñón moraine 
is behind
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Grain-size analyses on 30 sediment samples were done 
with a Malvern Mastersize Hydro 2000 μm laser-based 
diffractometer (detection range 2000  μm—0.010  μm). 
Cementing and/or agglutinating substances were previously 
removed by soaking samples in hydrogen peroxide and 15% 
hydrochloric acid solutions, rinsed every time with distilled 
water. Then, sediments were classified following Folk’s pro-
posal (1970). Total organic carbon (TOC) quantification was 
conducted by the loss-on-ignition technique (LOI) according 
to standardised procedures (Heiri et al., 2001) and applying 
a 50% factor of conversion as the amount of organic matter 
determined by LOI at 550 °C is twice the organic carbon 
content (Dean, 1999). TOC content was expressed as dry 
weight percentage.

Sedimentary environment interpretation was made based 
on different authors’ approaches and concepts (e.g. Bridge 
and Demicco, 2008; Reading, 1996; Nichols, 2009; Lind-
say 2016, 2018); current mire geomorphological features 
were described following Bower (1960, 1961) and Evans 
and Warburton (2007).

Sampling for pollen analysis was done at 39 different 
depth levels and samples stored in two-fold plastic bags. At 
the laboratory, samples were processed for concentration of 
pollen grains by standard techniques (Faegri and Iversen, 
1989), including hot alkali (KOH; to disaggregate sediment 
and eliminate humic acids), hot hydrochloric acid (HCl), 
hydrofluoric acid (HF), and acetolysis mixture. Aliquots of 
samples were mounted on slices and counted with an optical 
microscope Nikon Eclipse E200. For the identification of 
pollen types, the Pollen Reference Collection of the Labora-
torio de Palinología del Museo de Historia Natural de San 
Rafael, and specific atlases (Markgraf and D’Antoni, 1978; 
Heusser, 1971; Wingenroth and Heusser, 1984) were used. 
For the pollen sum, a minimum of 200 regional pollen types 
were counted, excluding Cyperaceae and Pteridophytes as 
representative of local taxa as well as Nothofagus as extra-
regional pollen. A pollen diagram, with taxa expressed as 
percentages of the pollen sum, was produced with Tilia 
software (Grimm, 2007) as well as a stratigraphically con-
strained cluster analysis, using the Edwards and Cavalli-
Sforza’s chord distance coefficient of dissimilarity, including 
only regional terrestrial taxa to facilitate the description and 
discussion of pollen results.

Three bulk sediment samples from the VEP section were 
sent for radiocarbon dating in the absence of visible plant 
macrofossils; organic matter from those bulk sediment sam-
ples varied in TOC content from ~ 0.87 to ~ 19%. Previously, 
Espizua (2005) reported a Mid—Late Holocene interval on 
another sedimentary section at this mire. Here, reported ages 
were obtained by accelerator mass spectrometry (AMS) at 
the NFS-Arizona Laboratory (USA). Calibration of radio-
carbon dates and age-depth modelling (linear interpolation 
between dated levels) were performed using the R clam 

package (Blaauw, 2010) and the Southern Hemisphere cali-
bration data set (Hogg et al., 2013). The age-depth model 
was built with the three radiocarbon dates here reported and 
two radiocarbon dates previously published by Durán et al. 
(2016) from the same sedimentary section. The segment 
between 120 and 145 cm was not considered to build the 
age model because we assumed it was the result of an almost 
instantaneous deposition (glacio-fluvial deposit).

Results

Chronology and TOC

The sedimentary organic matter content at the VEP section 
site was radiocarbon dated at 5691 (5336–5917) cal. yrs BP 
at a depth of 290 cm depth, and at 1488 (1356–1691) and 
1221 (993–1362) cal. yrs BP at 210 cm and 200 cm depth, 
respectively (Table 1). Two youngest ages, 607 (549–667) 
and 594 (480–723) cal. yrs BP, were obtained from bulk 
sedimentary organic matter at 160 cm and 115 cm depth 
(Table 1). The age-depth model performed (Fig. 3) is valid 
from 300 to 115 cm depth. The topmost sediment layers of 
the sequence (115–0 cm) werenot considered in the age-
depth model because no radiocarbon ages are available and 
the uppermost level (0 cm) could not be considered as the 
present-time. This latter uncertainty is because the occur-
rence of a gully incision, sometime after ca. 600 yrs. BP 
(633 ± 47 14C yrs. BP).

The TOC content exhibits variable values along 
the analysed section (Fig.  4b). TOC content is lower 
(i.e. < 3.68%) both in the bottom (3.2—2.17 m depth) 
and upper (1.47 – 0 m depth) parts of the section. How-
ever, the intermediate section records a trend of increas-
ing TOC content that begins at a depth of 2.10 m, going 
from 9% up to 19%.

Sedimentary Section

The analysed section records between 3.2 m to 2.25 m 
depth very coarse silty fine sand sediments (Fig. 4a, b). An 
irregular but continuous oxidation limit is observed at the 
top of this deposit indicating water table fluctuations; at the 
time field work was conducted deposits were waterlogged 
at 3.10 m depth. Sandy matrix gravel deposits underlie the 
silty sand deposit.

From 2.25 m to 1.95 m depth, there is a fine sandy very 
coarse silt laminated layer with clear and smooth limits 
(Fig. 4a, b). Lamination is marked by alternated millime-
tre-thick dark brown and greyish brown sediment laminas. 
Upwards, there is a silty deposit (ca. 25-cm-thick), with very 
coarse silty fine sand at the lower part and a tephra (ash; 
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grain size < 2 mm) layer (T1) of 2–3 cm-thick interbedded 
at ~ 200 cm depth (Fig. 4a).

From 1.95 m to 1.45 m, sandy very coarse silt and silty 
fine sand layers with common Fe-oxide specks are covered 
by a ~ 2 cm-thick volcanic ash layer (T2; 165 cm depth). On 

top, there is a laminated deposit of very coarse silty fine 
sand (165–150 cm depth) with common bioturbations and 
Fe-oxide specks (3% to ~ 15% in the upper part); an interbed-
ded volcanic ash layer of 5–8 cm-thick (T3; ~ 155 cm depth), 
including scarce lapilli (grain size > 2  mm), is present 

Table 1   Radiocarbon dates on sedimentary organic matter and calibrated weighted average ages for the VEP section. Calibration of Espizua’s 
(2005) and Durán et al.’s (2016) radiocarbon dates is also presented

AA = Arizona AMS Laboratory; LP = LATYR-CONICET; Beta = Beta Analytic Inc

Laboratory N° Material d13C F Uncalibrated 
age (14C age 
BP)

Calibrated age weighted 
average – 2 s interval (cal. 
yrs BP)

Sample depth (cm) Source

AA102579 bulk sediment -29.1 0.9242 +—0.0054 633 +—47 594 (480–723) 115–116 This study
LP 2663 bulk sediment -27 - 680 +—50 607 (549–667) 160–161 Durán et al. (2016)
AA102578 bulk sediment -27.7 0.8458 +—0.0042 1,345 +—40 1221 (993–1362) 200–201 This study
LP 2655 bulk sediment -27 - 1,640 +—60 1488 (1356–1691) 210–211 Durán et al. (2016)
AA102577 bulk sediment -24.3 0.5371 +—0.0031 4,994 +—47 5691 (5336–5917) 290–291 This study
LP 1457 bulk sediment - - 1,250 +—70 1123 (1000–1260) 109–110 Espizua (2005)
LP 591 bulk sediment - - 2,610 +—60 2629 (2503–2756) 154–155 Espizua (2005)
Beta 83,540 bulk sediment - - 3,590 +—70 3834 (3720–3955) 234–235 Espizua (2005)
LP 1100 bulk sediment - - 4,430 +—60 5008 (4863–5042) 254–255 Espizua (2005)

Fig. 3   Age-depth model of 
VEP sedimentary section. 
The slump (excised between 
145 and 116 cm) corresponds 
to a fluvio-glacial deposit. 
Horizontal grey lines indicate 
tephra layers (T1-T5). Ages 
after the youngest radiocarbon 
date (594 cal. yrs BP) are not 
considered reliable because of 
gully incision (see the text for 
explanation)
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(Fig. 4a). In turn, this deposit is covered, with a clear and 
smooth contact, by a medium silt fine layer, with common 
oxidised roots (150–145 cm depth) and common Fe-oxide 
specks at the uppermost part.

From 1.45 m to 1.20 m depth, a matrix- supported con-
glomerate (fine to medium pebbles in a rusty coarse sandy 
to very fine pebble matrix) is overlayed by a centimetre-
laminated sandy very coarse silt deposit with common Fe-
oxide in the upper part (Fig. 4b); a light-colour volcanic 
ash layer of ~ 2 cm-thick (T4; 110 cm depth) with lapilli is 
interbedded.

From 1 to 0 m depth, the sedimentary deposits include 
loose silty fine and coarse sand with variable colours. A 
13-cm-thick layer of volcanic ash (T5) is interbedded at 
a depth of 77 cm. Some levels, (e.g. at 30 cm and 50 cm 
depth), exhibit common Fe-oxidation marks and minuscule 
vegetal rests. The topmost part (20 cm) presents loose poorly 

sorted sand (Fig. 4a) with abundant roots from the vegeta-
tion in the current mire environment.

Recorded Pollen

The pollen content preserved in the VEP section site encom-
passing the last 5700 cal. yrs reflects vegetation communities 
in the mire, inside the valley, almost exclusively represented 
by Cyperaceae and Pteridophytes. It also records Altoandino 
grasslands from the surrounding slopes mainly represented 
by Poaceae and shrubs and herbs such as Asteraceae fam-
ily, Ephedra, Adesmia, Calandrinia, Arenaria, Apiaceae, 
Brassicaceae, Malvaceae, Rosaceae, Amaranthaceae, Wend-
tia, Nassauvia, and Oxalidaceae (Fig. 5). Other taxa such 
as Mutisiae, Schinus, Senna, Lycium, Colliguaja, Rham-
naceae, Gomphrena, and Proteaceae are present in few 
samples with very low abundances and do not show major 
changes in the pollen record. A similar record is shown 

Fig. 4   VEP sedimentary section. a) Sedimentary section and calibrated weighted average ages. b) TOC % derived from LOI. c) View of the VEP 
sedimentary section; the five calibrated radiocarbon dates in this study are indicated
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by extra-regional pollen taxa such as arboreal Maytenus, 
Nothofagus, Podocarpaceae, Drimys and Myrtaceae as they 
are expressed with very low values these taxa do not show 
major changes throughout the pollen zones. They indicate 
the influence of extra-regional vegetation because of wind 
long transportation.

Four pollen assemblage zones, 1 to 4 from bottom to 
top, were identified by cluster analysis. They are dominated 
by Poaceae, associated mainly with Cyperaceae and Pteri-
dophytes as secondary taxa in abundance, and with minor 
proportions of Asteraceae Subf. Asteroideae, Nassauvia, 
Calandrinia, Amaranthaceae, Arenaria, Asteraceae Subf. 
Cichorioideae, Oxalidaceae, Wendtia, and Ephedra (Fig. 5).

Zone 1 (290—253 cm; 5500—3700 cal. yrs BP)  It is charac-
terised by Poaceae (70–80%) and by a maximum content of 
Pteridophytes (including Azolla, 10–15%). Also, Asteraceae 
Subf. Cichorioideae and Ephedra are present and associated 
with their highest values in the VEP section (Fig. 5). Other 
pollen taxa are present in traces, i.e. Nassauvia, Asteraceae 
Subf. Asteroideae, Adesmia, Arenaria, Apiaceae, Malva-
ceae, and Cyperaceae.

Zone 2 (253 – 173 cm; 3700—800 cal. yrs BP)  Poaceae keeps 
high proportions (70%) but Asteraceae Subf. Cichorioideae 
and Ephedra decline. Calandrinia appears and reaches its 
highest values in the profile (Fig. 5). Arenaria also registers 
its maximum values in the profile at the top of the zone. 
Nassauvia maintains low values as in the previous zone, 
but Asteraceae Subf. Asteroideae increases (< 10%) in the 

middle of the zone and then decreases abruptly to traces to 
the upper part of the zone. Brassicaceae (including Menon-
villea) appear with low values (< 3%). Oxalidaceae appear 
and register trace values. Cyperaceae increases gradually 
until reaching its highest proportions (60%) to the top of 
the zone (Fig. 5). On the contrary, Pteridophytes decrease 
consistently through the zone and are only present in trace 
amounts at the zone's upper boundary.

Zone 3 (173—80 cm; 800—< 600 cal. yrs BP)  It shows a 
slight increase in Poaceae (80%) and a sharp depletion in 
Calandrinia and Arenaria. Nassauvia and Asteraceae Subf. 
Asteroideae increases a little after the middle of the zone, 
and then diminishes to the top. Asteraceae Subf. Cichori-
oideae, Ephedra, and Apiaceae register traces. Similarly, 
Adesmia appears in traces but restricted to the middle of the 
zone. Brassicaceae and Malvaceae continue with very low 
abundances and disappear to the top. Although with fluctu-
ating proportions, Cyperaceae shows a trend of decreasing 
values (from 60 to 40%) to the top of this zone (Fig. 5). 
Pteridophytes record traces in all this zone.

Zone 4 (80—0 cm; < 600 cal. yrs BP)  Poaceae decreases to 
its lowest values (60%) along the VEP section, and Calan-
drinia, Oxalidaceae, and Amaranthaceae reach up to 10%. 
Brassicaceae and Rosaceae show peaks at the base of the 
zone and then disappear to the top. Nassauvia and Wendtia 
also increase from the middle part to the top of the zone. Are-
naria continues with low percentages as previously. Ephe-
dra only registers traces. Ateraceae Subf. Cichorioideae, 

Fig. 5   Pollen diagram from VEP sedimentary section. Cluster analysis (right) is based on regional terrestrial taxa (yellow, green and orange col-
ours). Depth and age scales are indicated in the vertical axis (left). Red horizontal lines indicate T1-T5 tephras
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Malvaceae and Phacelia appear in traces to the top of the 
zone. Cyperaceae show fluctuating values between 20 and 
40%, and Pteridophytes increase subtly from the middle to 
the top of the zone (Fig. 5).

Discussion

Mid‑ to Late Holocene Wetland Evolution Inferred 
at the El Peñón Valley

The sedimentary succession at the VEP section site records 
at least three phases of wetland evolution during the Mid- to 
Late Holocene. A first phase (~ 5700 yrs. BP—~ 3700 yrs. 
BP) is recorded at the lower part of the Sect. (3–῀2.5 m) by 
sandy glacio-fluvial deposits covered by silty coarse sandy 
fluvial sediments of a likely outwash environment in which 
shallow streams and water bodies may have developed. The 
highest abundance of Pteridophytes registered in this phase 
(Pollen zone 1, Fig. 5) could mainly be the result of taxa 
as Azolla spp. that live floating in shallow waters (Arana 
et al. 2011) associated with the outwash environment. Other 
taxa such as Cheilanthes spp., currently recorded outside the 
valley's floor growing between rocks´ fissures (Wingenroth, 
1992), could also have contributed to some extent to the pol-
len record. By this time, Espizua (2005) proposed a neogla-
cial advance (Mid- Holocene) recorded throughout the El 
Peñón moraine. However, Rodbell et al. (2009) questioned 
Espizua's (2005) proposal by stating that numerical ages for 
the El Peñón moraine, as well as those from moraines at 
the neighbouring El Azufre glacial valley (Espizua, 2005), 
are minimum-limiting ages which bolster the notion of a 
region-wide Mid- Holocene glacial advance. They consid-
ered it conceivable to expect a Lateglacial age for the oldest 
moraine in each valley because of the lack of maximum-
limiting age constraints.

The vegetation of surrounding slopes was dominated by 
the Poaceae family. Probably, the Altoandino grassland, 
dominated today by grasses taxa (Poa holciformis), was 
the main contributor to the pollen record (Fig. 5). However, 
some local influence of humid-adapted grasses should not be 
discarded. Other few herbs and shrubs are present in low val-
ues (Asteroideae and Cichorioideae subfamilies, and Ephe-
dra) or traces (Nassauvia, Apiaceae, Arenaria, and Malva-
ceae). This low plant diversity and Poaceae dominance is 
interpreted as harsh environmental conditions as those that 
predominate at higher altitudes nowadays. Ephedra pollen, 
from a gymnosperm wind-pollinated taxon from Patagónica 
vegetation at lower altitudes, would have reached the area 
by long-distance wind transportation, as it was suggested 
by Markgraf (1983) in similar depositional environments 
of the region.

Then, a second phase (~ 3700 yrs. BP—~ 594 yrs. BP) 
in the evolution of the VEP section site corresponds to the 
onset of mire sedimentation. Thus, the middle and upper part 
of the VEP section (῀2.5 m–0 m, Fig. 4a) is featured by mire 
deposits accumulated in a low-energy, shallow environment, 
interpreted from intermingled fine sand, sandy silty and silt 
layers with TOC content reaching up to the highest values of 
the record (18.9%). Levels with relatively higher TOC con-
tent indicate organic matter accumulation under redox con-
ditions favouring its preservation at the mire environment. 
This geomorphic situation probably favoured the gradual but 
major change in vegetation, as indicated in the pollen record. 
Cyperaceae appeared at ~ 3700 and started to replace Pteri-
dophytes slightly but with a steady increase until ~ 1300 cal. 
yrs BP. Then, after a sharper rise, they dominate completely 
between 1300 and 800 cal. yrs BP.

The regional grassland would have not changed signifi-
cantly in this phase as Poaceae declined subtly in this lapse 
from 80 to 70% (Pollen zone 2). At the same time, a major 
representation of Patagónica-Altoandino taxa (e.g., such as 
Calandrinia and Arenaria), concomitantly, with Ephedra 
and Asteraceae Subf. Cichorioideae declination, would indi-
cate higher presence of shrubs in the area.

After 607 cal. yrs BP and before 594 cal. yrs BP mire 
sedimentation was interrupted, at this portion of the valley, 
by a reactivation of fluvial aggradation with a higher energy 
stream able to transport and accumulate a sandy gravel load 
(matrix- supported conglomerate deposit, section depth of 
120–145 cm). This event was dated younger than 1123 cal. 
yrs BP at the Espizua’s section in the mire (2005) where it 
was recorded with a similar thickness (80–104 cm depth). 
The ages obtained at the VEP section site now constrain 
this glacio-fluvial event between 594 (480–723) and 607 
(549–667) cal. yrs BP. In relation to this, Espizua (2005) 
proposed Late Holocene glacial advances occurred at the 
valley, one of them (Amarrilla I-III moraines), undated, 
linked to the LIA. Likely the analysed glacio-fluvial deposit 
could be related to an outwash environment linked to some 
of these three LIA advances in the El Peñón valley.

After the matrix- supported conglomerate deposit, the 
mire taxa (Cyperaceae 60%) show a fluctuating tendency 
to decline (Pollen zone 3). Probably, instability in the val-
ley floor as a consequence of higher energy runoff could 
have caused this Cyperaceae fluctuation. At the same time, 
the increment of grassland elements (Poaceae reach 80%) 
and the concomitant decrease in Patagónica-Altoandino ele-
ments (e.g. Calandrinia and Arenaria) could be interpreted 
in a similar way than Pollen zone 1, i.e. a higher represen-
tation of grassland from the surrounding slopes implying 
harsher environmental conditions. However, it should not 
be ruled out that Poaceae contribution could have been par-
tially provided by growing grasses in the mire, as it is seen 
nowadays (Wingenroth, 1992).
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Accumulation of tephra layers T1-T3 (tephra fallouts or 
tephra re-worked) also characterises the second phase since 
1221 cal. yrs BP onwards. T1 tephra, around 1221 cal. yrs 
BP (Pollen zone 2, Fig. 5), coincides with a peak in the TOC 
content and the increase in Cyperaceae pollen which sug-
gests a positive impact of T1 in the mire plants. Taxa grow-
ing outside the mire such as Asteraceae and Oxalidaceae 
show a decrease in abundance which, on the contrary, could 
indicate a negative effect.

The end of this phase is somewhat uncertain because of 
the lack of numerical ages. Considering glacial evidence, it 
could be in coincidence with the end of the LIA, the event 
associated by Espizua and Pitte (2009) with a neoglacial 
advance in the valley between ca. 450 and 250 years BP.

A third phase (< ~ 594 cal. yrs BP) in the valley evolu-
tion started at the very Late Holocene. A series of paral-
lel downstream gullies were carved exposing the mire and 
fluvio-glacial deposits of the last 5700 yrs (Fig. 3) in the 
VEP section site. As a result, mire groundwater could have 
drained along the new gullies and a likely slower accumu-
lation rate could have characterised the mire formation 
until present. The lack of a higher resolution at the upper-
most metre of the VEP section implies uncertainty about 
deposition since around 594 (480–723) cal. yrs BP to the 
present-day.

The most representative mire vegetation started to recover 
moderately (Cyperaceae 30%; Pollen zone 4, Fig. 5). Con-
comitantly, the minimal representation of Poaceae (60%) is 
associated with the opposite trend in Amaranthaceae, Calan-
drinia, Oxalidaceae, Nassauvia and Wendtia. The increase 
of shrubs, with the abrupt rise of Amaranthaceae in particu-
lar, would indicate human impacts. Pre-Hispanic societies 
in central Chile made use of Amaranthaceae family plants 
likely as food supply (Belmar et al., 2010; Planella et al., 
2014). Besides, since 250 cal. yrs BP, Spanish agricultural 
colonies in Chile (e.g. Talca and Curicó) could have moved 
European cattle to this high-altitude valley during warm 
summer seasons (Prieto and Abraham, 1998; Durán, 2000).

This third phase of development also records tephra layers 
T4 and T5, either by tephra fallout or tephra re-working. In 
particular, T5 tephra (13-cm-thick) coincides with the limit 
between Pollen zones 3 and 4, suggesting that pyroclastic 
sediments may have affected the vegetation after its deposi-
tion. However, it is not possible to discern if this event would 
have caused the decline of Poaceae and/or the increment of 
Cyperaceae and others shrubs (i.e. Amaranthaceae, Wendtia) 
and herbs (i.e. Oxalidaceae, Calandrinia, Nassauvia).

To sum up, since 5700 cal. yrs BP until 3700 cal. yrs BP 
the VEP section site suggests aggradation in an outwash 
environment associated with colder than present vegeta-
tion representatives, as the withdrawal of El Peñón glacier 
front left ice-free valley surfaces (Fig. 6a). Then, since 
3700 cal. yrs BP the environment changed to a low-energy 

mire associated with similar to present vegetation inside 
and outside the wetland (Fig. 6b). At around 594 cal. yrs 
BP glacier dynamic and volcanic factors would have pro-
voked instability in the valley floor and mire deterioration 
(Fig. 6c). Finally, after < 594 cal. yrs BP in the VEP wet-
land site an incision event interrupted the aggradation, and 
exposed the VEP sedimentary section at a gully. The mire 
vegetation recovered moderately. Human disturbance, evi-
denced by domesticated plants (as Amaranthaceae), would 
have occurred particularly after 250 cal. yrs BP (Fig. 6d).

Regional Environmental Correlations

The onset of mire growth after the Lateglacial in the El 
Peñón valley could have been delayed by arid conditions 
during the Early Holocene, implying a change from arid 
to wetter conditions towards the Middle Holocene (Rod-
bell et al. 2009). This scenario is coincident with the severe 
aridity and warmer-than-present conditions inferred between 
7500 and 5700 cal. yrs BP from the Aculeo lake pollen 
record (Villa-Martínez et al., 2003), and in others lakes in 
Central Chile, i.e. Tagua-Tagua (Valero-Garcés et al. 2005) 
and Laguna del Maule (Frugone-Álvarez et al., 2020). In the 
El Peñón valley, absolute ages for the early Holocene have 
not been documented yet.

In the VEP section site between ca. 5700 and ca. 3700 cal. 
yrs BP, the documented outwash environment and the low 
vegetation diversity (almost dominated by Pteridophytes) as 
expected in the context of the unglaciated valley’s surfaces 
as well as the surroundings valley slopes covered mainly by 
grasses and others few shrubs and herbs (adapted higher-
altitude communities), probably were reflecting wetter and 
colder than present conditions. In this regard, no evidence 
of arid conditions are recorded as it has been proposed for 
the Mid- Holocene in central-west Argentina and the Andean 
Puna (Gil et al. 2005; Yacobaccio and Morales, 2005). More 
studies are necessary to find Mid- Holocene records that 
clarify environmental conditions in the region.

Colder and wetter conditions similar to that inferred at 
VEP section site between 5700 and 3700 cal. yrs BP are 
documented in other sedimentary records of the region, 
i.e. the Salado peatbog (-34°11’S/-69°32’W, 3100 m a.s.l.) 
(Markgraf, 1983), the Agua Buena alluvial fan (-34°50’S/-
69°56’W, 2100 m a.s.l.) (Navarro et al. 2010), and El Sos-
neado lake (-34°51’S/ 69°55’W, 2100 m a.s.l.) (Navarro 
et al. 2012)(Fig. 7). The Salado and Agua Buena localities 
record the end of wetter conditions at ca. 3000 yrs BP and 
2800 yrs BP, respectively. On the contrary, El Sosneado lake 
shows this change at ca. 1900 cal. yrs BP. On the western 
side of the Andes belt (Chile), colder and wetter conditions 
have also been inferred between 5700 and 3200 yrs BP, 
i.e. Aculeo lake (Jenny et al. 2002; Villa-Martínez et al., 
2003); these authors interpreted a progressive increase in 
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precipitation in relation to a weakened South Pacific high-
pressure cell with intensified Westerlies in the subtropical 
region of Chile (Jenny et al. 2002). Accordingly, intensified 
westerlies would have been the main source of humidity 
at the El Peñón valley during the 5700–3700 cal. yrs BP 
period.

The change from an outwash to a mire environment at 
the VEP section site suggests a shift to warmer and/or drier 
conditions compared with previous times (Pollen zone 1). 
The initial stage of mire formation occurs in other Andean 
highland settings of Mendoza around 3000–4000 yrs BP, 
i.e. Salado peatbog at ~ 3000 cal. yrs BP (Markgraf, 1983), 
Agua Buena alluvial fan at ~ 4100 cal. yrs BP (Navarro et al. 
2010), and Vega Las Herraduras at ~ 3200 cal. yrs BP (Srur, 
2002). This condition is associated with the beginning of 
a similar-to-present climate (summer rains in the lowlands 

and more favourable temperatures in the uplands) at this 
subtropical region at about 3000 yrs by Markgraf (1983). A 
second neoglacial advance at ~ 2800 cal. yrs BP proposed in 
the El Peñón valley (Espizua, 2005), implying colder than 
the present environment, is not documented in our study. 
Consequently, this scenery could have implied lesser precip-
itation in the study area compared with the previous period, 
probably associated with lower influence of westerlies. This 
contrasts with Jenny et al. (2002) who suggest higher influ-
ence of westerlies for the last 3200 yrs BP. Alternatively, in 
the El Peñon valley temperature would have played a more 
important role in the balance of humidity as suggested by 
Markgraf (1983), compared with sites in the western Andes 
slopes (Jenny et al. 2002; Villa-Martínez et al., 2003.

The change in vegetation between 800  cal. yrs BP 
and some moment after 600 cal. yrs BP (pollen zone 3) 

Fig. 6   Inferred Mid– to Late Holocene environmental evolution scheme from the VEP section at the El Peñón valley. Four main phases have 
been identified (a-d) based on the sedimentology and pollen analysis
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documented in the VEP section site and the associated out-
wash environment linked to the LIA advance in the El Peñón 
valley equates the trend of the low-resolution pollen record 
at Laguna del Maule, Andean highlands of Chile (Carrevedo 
et al., 2015). This record documents a LIA-like cooling 
event between 550 and 100 cal. yrs BP (pollen zone LEM-
2) (Fig. 7). Besides, at Aculeo lake, a high-resolution pig-
ment-based reconstruction of summer temperatures for cen-
tral Chile also documents a clear climatic signal related to 
the LIA-like cooling between 620 and 250 cal. yrs BP (von 
Gunten et al., 2009). Similarly, the high-altitude Laguna 
Chepical multiproxy (pollen, diatom and charcoal parti-
cles) lake cores (32° S) in Chile, documents the cold period 
associated with the LIA between 550 and 100 years cal BP 
(Martel-Cea et al., 2016). Hence, the LIA phase registered 
in Chile is partially coincident with the period registered in 
the VEP section site, reinforcing our inference about the LIA 
event occurrence in the El Peñón valley.

The LIA globally cold event (Bradley et al., 2003) is sug-
gested to have finished in this subtropical region either at 
ca. 250 cal. yrs BP or at ca. 100 cal. yrs BP as indicated at 
Aculeo or Maule and Chepical records, respectively. We favour 
Aculeo’s ages at ca. 250 cal. years BP because it reinforces 
the idea that people introducing cattle to the El Peñón valley 
and hunting (Durán, 2000) could have been favoured by the 
end of the LIA. However, the LIA event in El Peñón valley 
would have initiated hundreds of years before (ca. 800 cal. yrs 
BP) than those reported in the sites mentioned. In the north-
ern hemisphere, dated records of ice-cap growth from Arctic 
Canada and Iceland show that the beginning of the LIA would 
have been triggered by volcanism (Miller et al. 2012). In such 
a context, T1-T5 ash deposits recorded in the VEP section site 
could have played a role in triggering the cold period earlier 
than in other sites; but the low resolution of our data prevents 
a deeper analysis. Additional independent high-resolution 

proxies are necessary to disentangle the signal and duration 
of this climate event in this area of the Andes highlands.

As regards the development of gullies in the El Peñón 
valley sometime after 594  cal. yrs BP, similar incision 
events have been documented regionally, as in the case 
of the Andes piedmont in Mendoza and central Argentina 
(Zárate, 2002; Quattrocchio et al., 2008; Mehl and Zárate, 
2008; Mehl, 2010; Zárate and Mehl, 2011). The climate and 
human disturbance, or a combination of both, have been 
proposed as controlling factors, although the causes remain 
unsolved (Mehl and Zárate, 2012).

Conclusions

The VEP sedimentary succession permitted reconstruct-
ing Mid- to Late Holocene palaeoenvironmental and 
palaeoclimatic conditions in the Andean highlands and 
at the subtropics of southern South America. During the 
last 5700 cal. yrs, the VEP section site evidences climatic 
fluctuations with a trend from cold to warm present condi-
tions and an environment where water was mostly present. 
After 3700 cal. yrs BP, environmental conditions favoured 
Cyperaceae appearance and the setting of the mire, mark-
ing the beginning of the similar-to-present environmental 
conditions.

Other than climate, factors such as volcanism and 
human disturbance may have also controlled, secondar-
ily, the wetland evolution. Volcanism has been recorded 
repeatedly since 1220 cal. yrs BP. Although some tephra 
levels seem to have favoured the development of some taxa 
and the declination of others, the low resolution of pol-
len record pre and post tephras hampers a deeper analysis 
and suggests the need to conduct more high-resolution 
studies to evaluate the impact of volcanic eruptions in the 

Fig. 7   Correlation scheme of 
the studied section with Mid- to 
Late Holocene records in the 
region, including three sites at 
the western side of the Andes 
cordillera Chile (Aculeo, Maule 
and Chepical lakes) and four at 
the eastern side (Sosneado lake, 
Agua Buena alluvial and peat 
bog sequence and the Salado 
and El Peñón mire)
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wetland. Regarding human disturbance, people would have 
also produced a significant impact in the mire by introduc-
ing exotic plants by pre-hispanic people, and/or to a lesser 
extent summer cattle grazing by Spaniard colonies during 
the last ~ 250 cal. yrs.

The palaeoenvironmental scenario depicted in this work 
indicates that at least three forcing factors have influenced 
the region since the Mid- Holocene onwards at different 
temporal scales. Consequently, it promotes further higher 
resolution analyses in this unexplored sensitive mire eco-
system and similar settings in the high southern Andes. 
Insights on how volcanic eruptions and human impact, in 
addition to climate, influence wetlands could help to better 
assess future human management for wetlands conserva-
tion worldwide.
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