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ARTICLE INFO ABSTRACT

Keywords:
Particulate transfer

The accelerated decline of tropical Andean glaciers is affecting the water cycle of mountains in the region. In the
Cordillera Real (Bolivia) on the Huayna-Potosi peak (6088 m a.s.l.), the rapid retreat of the Oeste Glacier is
exposing new rock outcrops and glacial materials. Changes in the hydrological regime by glacier retreat are likely
to modify the supply of sediments and subsequently affect the geochemical transfer of particle-bound elements
within proglacial and downstream ecosystems. To address this issue, a sampling campaign in the proglacial area
of Huayna-Potosi aimed to identify and collect sediments from the primary active landforms. To characterise
elemental transfer and identify sediment provenance using fingerprinting techniques, streambed sediments were
collected along the main stream from the glacier tongue at 5002 m a.s.l. to a wetland shallow lake at 4700 m a.s.
1.. Geomorphological features control the production of fine particles and the distribution of particle-bound
geochemical elements. Complex processes of solubilization, mobilisation, and retention govern the elemental
transfer. Significant increases in 28U, as well as some major elements, were observed in the surface lake sedi-
ments, while Pb, Cr, and Cu decreased, and 137¢s was not detected. The spatial distribution patterns of
geochemical elements and the assessment of the sediment provenance indicate that deglaciation fosters
geochemical processes and the elemental transfer dynamics in the wetlands. Moraines and colluvium were found
to be the primary contributors to sediment yield (93 %) while the rich organic soils in swamps contributed the
least (7 %). The enhanced supply of sediments to the shallow lake in parallel to glacier decline may affect water
quality and bring about further changes in the wetlands. Identifying primary sediment sources is essential for
water management. Our findings enhance understanding of the compositional characteristics of mobilised
sediment and their variations, aiding in more effective resource management to preserve these high-altitude
wetlands.

Radionuclides
Fingerprinting
FingerPro model
Active landforms
Streambed sediments

1. Introduction

Most of the world's tropical glaciers are located in the Andes, which
hold as much as 99 % of the tropical ice masses, of which 24 % are in
Bolivia (da R Ribeiro et al., 2017). The projected temperature increases
in the region of around 5 °C to 2100 (Bradley et al., 2006) would lead to
the disappearance of small glaciers below 5400 m a.s.l., and the loss of
large ice volumes above 6000 m a.s.l. (Réveillet et al., 2015).
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Since the Last Glacial Maximum (LGM), the Cordillera Real in Bolivia
has undergone intense erosion and carving by glaciers that are currently
rapidly receding. As a result, the ensuing landforms have transformed
the landscape, with a significant development of glacial and periglacial
geomorphic elements. The ongoing glacier retreat has triggered sub-
stantial sediment fluxes, and a transition from a glacial to a paraglacial
domain as in other world regions (Strzelecki et al., 2017). Moreover,
Knight and Harrison (2018) highlights how deglacierizing mountains
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are vulnerable to rapid changes due to high meltwater and sediment
fluxes arising from glacier melt.

Within the unstable conditions of paraglacial environments, highly
dynamic processes such as runoff, snow and ice melt on slopes and
valleys are eroding the glacial and periglacial deposits, thus significantly
contributing to the reworking and transport of fine materials across the
denuded surfaces. In this sediment cascade, the entrained sediment is
subsequently transported towards lower elevations and redistributed to
fill depressions, valleys, swales and wetlands. These areas generally act
as sediment sinks, but depending on the erosive nature of the prevailing
processes, there might also be transport of fine sediments out of the
deposition areas.

In the Cordillera Real, the sustainability of high altitude wetlands
(bofedales) is under threat due to temperature changes (Lopez-Moreno
et al., 2016) and altered rainfall patterns that impact the hydrological
cycle of these fragile ecosystems. Groundwater, rain, melting glaciers,
and snow contribute water to these high wetlands, which in turn play a
key role in storing and supplying water to the Tuni reservoir, the source
of water for the city of La Paz. High wetlands act as water reservoirs,
refilling during wet seasons and years, and discharging water during dry
periods. Wetlands not only facilitate groundwater recharge but also
assist in sediment accumulation, contaminant retention, and erosion
control (Buytaert et al., 2011). Additionally, their characteristic peren-
nial vegetation serves as forage for the economically significant camelid
cattle in the region.

It has been estimated that glaciers contribute around 27 % of the
water in the region during the dry season (Soruco et al., 2015). Conse-
quently, glacier recession will specifically impact water resources of the
Cordillera Real in Bolivia, posing a threat to wetland conservation
(Dangles et al., 2017), as well as endangering water supplies to La Paz,
whose population of almost 2 million people has already experienced a
water crisis in 2016.

While high wetlands providing essential ecosystem services are
currently expanding, the anticipated decrease in glacier melt in the
future (Loza Herrera et al., 2015; Dangles et al., 2017) poses a significant
threat to the sustainability of wetlands in the arid Puna, which are
particularly fragile ecosystems (Vuille et al., 2018). Despite this, Dangles
et al. (2017) estimated that there was an increase in wetland surface
area in the Cordillera Real between 1984 and 2011, partly due to a
higher frequency of extreme events. However, it is also anticipated that
glacier runoff will peak at some point this century, which will be fol-
lowed by a decrease in runoff due to glacier shrinkage (Baraer et al.,
2012).

The increased water and sediment discharge will have impacts on
ecosystem services in the Andean region (Vuille et al., 2018), as seen in
other high mountain regions of Asia (Li et al., 2021), with repercussions
for biodiversity and population. Furthermore, the forthcoming effects of
climate change over the next decades, particularly on glacierized trop-
ical highlands, demand a deeper understanding of the processes gov-
erning sediment transport from source to sink (Fraser, 2012). The
imperative for adaptation to ensure ecosystem resilience underscores
the need for improved understanding of fine sediment transfer processes
and their associated elements, which can have detrimental effects on the
quality of natural resources, thereby raising significant environmental
concerns (Navas et al., 2020, 2022).

The investigation of proglacial areas of tropical glaciers as regulators
of water and sediment fluxes, along with the transport of geochemical
elements and nutrients, has received limited attention in high tropical
mountains. Studies of the geochemistry of sediment fluxes in paraglacial
systems of the central Andes, which are experiencing profound land-
scape and ecosystem changes, are scarce, while the distinctiveness of the
region lies in it being the most diverse and populated high tropical re-
gion in the world (Llambi and Cuesta, 2014).

The Cordillera Real at the base of the Huayna-Potosi peak (6088 m a.
s.l.) is a unique environment for assessing the transfer of sediments
carrying radionuclides, stable elements, and nutrients associated with
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fine particles along the sediment cascade. In this catchment, the retreat
of the glacier has exposed highly reactive rocks and glacial and peri-
glacial materials. These features are pivotal in this paraglacial envi-
ronment, alongside the expansion of a new lake adjacent to the glacier
tongue and the enlargement of wetlands. As part of the IAEA INT5153
project, we conducted a field survey in the proglacial area of Huayna-
Potosi during a two-week expedition in May 2017. The objective was to
identify the main sediment sources in the area and sample fine materials
from moraines, colluvium, and swamps. We also collected fine stream-
bed sediments as representative sediment mixtures along the stream
course.

This research aimed to elucidate the transfer of geochemical com-
ponents associated with the transport of fine sediments across the
sediment cascade, from near the glacier tongue (5002 m a.s.l.) to a
seasonal lake in the wetlands (4700 m a.s.l.). Additionally, to identify
sediment provenance, we applied a state-of-the-art open-source R
package-FingerPro model for unmixing sediment mixtures against their
sediment sources and quantifying the contributions of different land-
forms. This would provide insights into any processes of depletion or
enrichment from sources to sinks in the wetlands and allow for an
evaluation of the origin of the fine particles.

The outcomes of this study would enhance our understanding of the
impacts of sediment fluxes in high mountains undergoing rapid degla-
cierization processes. These findings can assist authorities in meeting
water needs amidst glacier decline, benefiting populations, agriculture,
and hydroelectric power.

2. Materials and methods
2.1. Study area

In the Eastern Cordillera of the Central Andes, the Cordillera Real
(Bolivia) extends over 250 km from southeast to northwest and is around
40 km wide between the Altiplano and the Amazon Basin (Fig. 1). Due to
recent glacier recession, glaciated areas in this region are not larger than
150 km? and most glaciers are of small size (0.5 km?) (Dangles et al.,
2017; Rabatel et al., 2013). The Last Glacial Maximum (LGM) is dated to
34 Ka at the lowest terminal moraine in Bolivia. The retreat began
around 21 Ka to 19 Ka as the climate became warmer and wetter,
leading to the formation of lakes. A brief phase of climatic cooling at the
end of the Pleistocene lasted 1.3 Ka + 70 years. Throughout the Holo-
cene, the dry and warm climate intensified water evaporation, leading to
a decrease in the local lake levels (Abott et al., 2000; Thompson et al.,
1998). Glacial advancement took place during the Little Ice Age (LIA)
occurred in the 17th century. Since then, 10 moraine ridges have been
dated in the Cordillera Real (Quimsa Cruz) indicating ongoing glacier
retreat up to the present day (Rabatel et al., 2008).

The Huayna-Potosi (16° S, 68° W) is a Triassic intrusion pluton
conforming one of the high summits (6088 m a.s.l.) in the core of the
Cordillera Real. According to Cordani et al. (2019) the rocks vary be-
tween granite and granodiorite composed mainly of quartz, microcline
and plagioclase along with biotite and muscovite. In contact with the
intrusive batholite, the Palaeozoic Amutara Formation, presenting
contact metamorphism of Ordovician sediments (Sempere et al., 2002),
is characterized by alternating quartzites up to one metre thick and
schists (Lopez Alba, 2014). The soils present in the area are shallow and
poorly developed, mainly Leptosols and Regosols, and are affected by
cryoturbation in the highest altitudes close to the snow border and
covered by shrubs and tussock grasses with decreasing coverage with
altitude (Buytaert et al., 2011). The features of rock types, glacial ma-
terial and soils derived from these parent materials are important for
determining the geochemical characteristics of the transported fine
sediments.

The regional climate is characterized by two main seasons, wet and
dry, that have small temperature variability between seasons though
diurnal high contrast between night and day (Buytaert et al., 2010). The
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Fig. 1. Location of the study area at the foot of Huayna-Potosi Peak and the Oeste Glacier in the Cordillera Real (Bolivia). Distribution of the sampling points
established on the three main landforms: moraines, colluvium and swamps shown in the photographs. Location of the streambed sediments collected downvalley
from the headwater by the glacier tongue to the wetlands, ending in the ephemeral wetland lake. The wetlands in the valley and on the slopes appear green in the

Google Earth image.

average annual precipitation at the meteorological station of Huayna-
Potosi between 2011 and 2015 was 505 mm. Precipitation increases
progressively from October, with monthly maximum values ranging
from 60 to 136 mm between December and March. During the cooler dry
season, which typically occurs in June and July with an average tem-
perature of 0.9 °C, low cloudiness prevails (Dangles et al., 2017). At a
multiannual time scale the El Nino Southern Oscillation (ENSO) phases
significantly modify the climate patterns with large variability in the
precipitation (Garreaud et al., 2003). Among the climate changes
recorded in the past century in the region, a decrease in precipitation
along with an increase in air temperature is reported (e.g. Vuille et al.,
2003, 2008; Lopez-Moreno et al., 2016).

Photogrammetric restitutions from an aerial flight conducted in
1975 by the Bolivian Air Force (FAB) and high-resolution panchromatic

images of 2021 from the Brazilian satellite CBERS-4 A following pro-
cedures by Ramirez et al. (2001) and da R Ribeiro et al. (2013) were
carried out to assess the dynamics of the glacier retreat (Fig. 1 Supple-
mentary materials).

In the proglacial area of the Huayna-Potosi there are eight permanent
wetlands, four along the valley and another four on the slopes (Fig. 1)
that are affected by the rapid retreat of the glacier. The high altitude
wetlands occupy the floor of the glacial U-shaped valley downstream to
Tuni village, the largest distance reached by the ice masses here during
the LGM. The flat topography of the valley favours the formation of
shallow depressions that are fully or partially filled with water, espe-
cially during the wet season, and are enclosed within the moraine arcs
close to the glacier tongue, but there are also slope wetlands that are fed
by permanent water springs. Wetlands have hydromorphic conditions,
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high levels of soil organic carbon and nitrogen, and high infiltration
rates, leading to a high water storage capacity that promotes subsurface
runoff (Liberman, 2021). The typical vegetation cover of the wetlands
includes cushion plants of the Juncacea and Cyperaceeas families with
abundance of Distichia muscoides in the hummock communities and
Ranunculus uniflorus among the aquatic macrophytes.

2.2. Sampling design

To assess the geochemical characteristics of the landforms that could
potentially deliver fine sediments into the hydrological system and the
associated geochemical transfer in the valley floor wetlands a field
survey was conducted (Fig. 2). Three main geomorphological units were
identified: moraines exposed after the glacier retreat (M), colluvium (C),
which are steep deposits covering the slopes of the deglaciated peaks
surrounding the valley floor, and swamps (SW) located on the slopes,
where spring water flows down to the valley floor, holding very rich
organic soils.

The sampling sites were distributed in the three study units accord-
ing to the space occupied by the landforms in the proglacial area. Sur-
face sediment samples (0-2 cm depth) were collected at sites that had
good connectivity with the hydrological system to ensure the export of
the fine material to the wetlands. Each sample was composed of five
subsamples that, depending on the homogeneity of the site, were sepa-
rated by around 10 to 20 m.

The moraines are composed of loose heterometric glacial material
from the granitic batholith of the Huayna-Potosi and the Ordovician
rock outcrops of the metamorphic contact aureole, conforming to the
adjacent relief around the glacial valley. A total of 16 moraine samples
were collected along the succession of moraine arcs. In the colluvial
mantles covering steep slopes, nine sampling sites were established to

| Geomorphological Survey
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collect the fine material resulting from the physical weathering of the
quartzite and phyllite rock outcrops. In the swamps around the main
slope springs, a total of 4 composite samples were collected in the
streambanks of the shallow soils.

To assess the geochemical transfer in the wetlands, fine streambed
sediments were collected along the main water course flowing from the
glacier in the proximity of the tongue of the Oeste Glacier at 5002 m a.s.
L., (S1) before entering the new expanding lake, and at the outlet of the
lake (S2) where the river is incising the moraine. Another three sediment
mixtures (S3, S4 and S5) were collected down the valley in the small
canals formed between cushion plants in the wetlands. The final point,
S5, also used for quantifying the sediment provenance, was located at
4700 m a.s.l. after the river dissected the rock outcrops ending in the
larger wetland that forms a shallow lake in the wet season (Fig. 1).

The collection of sediment samples was undertaken in the dry season
and rainfall did not occur during the field campaign. Therefore, the
streams were not carrying suspended sediments and discharge was
mainly from the melting of glacier ice and water stored in the wetlands.

2.3. Sample preparation and analyses

The preparation of the sediment samples for analyses follow estab-
lished protocols. Samples were dried, ground, homogenised and sieved
to <63 pm. This size fraction has been selected based on the granulo-
metric distribution of the collected samples but also because it is the
fraction most widely used to assess the geochemical composition of
particulate transport in a variety of environments (Owens et al., 2016;
Collins et al., 2020; Navas et al., 2022).

The pH and electrical conductivity (EC dS m™!) were analysed by
standard methods. The analyses of the grain size distribution (sand, silt
and clay) in the <63 pm fraction were performed by laser Coulter

‘ Landforms

‘ Streambed Sediment sites

Moraines (M) Colluvium (C)

| Sampling Design

I—*— Sampling &

f

Swamps (SW)

‘ Sediment Sources (0-2 cm)

from'Glacier Tongue to Wetland (S5)

Sample Preparation: Drying - Grinding - Sieving < 63um

-

| Assessing Geochemical Transfer I—';

Sample Analysis: pH - EC - Grain Size - SOC - ACF - SCF - TN - Stable Elements (n=31) - Radionuclides (n=6)

Geochemical variation along stream course (51t 55),
geochemical enrichment and depletion, processes

Tracer Selection:

SW CM
Cl - CR - CTS methods b A

i)

| Quantifying Source Contribution

fagy. FingerPro
W

unmixing model

FingerPro Unmixing Model

Estimate Source Contribution

Fig. 2. Flowchart of the research procedure and steps of the study in sequential order.
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Counter after eliminating the organic matter, disaggregating with so-
dium hexametaphosphate, stirring for 2 h and applying ultrasound. The
organic carbon content (SOC, %) was measured with the dry combustion
method at 550 °C using a LECO, RC-612 multiphase carbon analyser.
The active and stable carbon fractions were analysed using the same
equipment, with temperatures stepped at 350 °C to oxidize the active
(ACF) and at 550 °C for stable carbon (SCF) (Quijano et al., 2016). The
total nitrogen content (TN) was measured using a LECO CN TruSpec
nitrogen analyser by determining the NOx gas evolved after combustion
at 950 °C by a thermal conductivity detector.

A total of 37 geochemical components were analysed: of which 31
stable elements (Al, As, Be, Bi, B, Ca, Cd, Co, Cr, Cu, Fe, K, La, Li, Mg,
Mn, Mo, Na, Ni, Pb, P, Rb, Sb, Se, Si, S, Sr, Ti, TI, V and Zn) and 6 ra-
dionuclides (fallout radionuclides, FRNs) '%7Cs, 2'%Pbey, and 4 envi-
ronmental radionuclides (ERNs) 226Ra, 238U, 232Th and “°K). The
elemental contents (mg kg™') were analysed by ICP-AES after total acid
digestion with HF (48 %), HNO3 and H30, followed by a second
extraction with HNO3 HCI in a microwave oven (Navas and Machin,
2002).

Analyses of radionuclides (Bq kg™!) were performed at the gamma
lab of the Experimental Station of Aula-Dei (EEAD-CSIC), using a high
resolution, low background, hyperpure germanium coaxial gamma de-
tector (Canberra Xtra, 50 % efficiency, 1.9 keV resolution). Standard
certified samples in the same geometry as the measured samples were
used for calibration (Navas et al., 2017). The activity of 137¢s was
determined from the 661.6 keV photopeak; 210ph was measured at 46.5
keV; ?2°Ra was determined from the 351.9 keV line of 2'*Pb, a short-
lived daughter of 22°Ra, after equilibrium was reached. Unsupported
29, activity was estimated by subtracting 2?Ra from total 2'°Pb;
2381 was determined from the 63-keV line of 2*Th; 22Th was estimated
using the 911-keV photopeak of 228A¢ and *°K was determined from the
1461 keV photopeak. Counting times of 86,400 s provided an analytical
precision of about £3-10 % at the 95 % level of confidence for the
radionuclide activities (Bq kg~ dry soil).

2.4. Quantifying the sediment provenance

Fingerprinting methods have significantly advanced in the past two
decades. Various models, including Bayesian and deterministic models,
have been developed to estimate the contribution of sediment sources to
target sediment mixtures through different approaches (e.g. Collins and
Walling, 2002; Martinez-Carreras et al., 2010; Blake et al., 2018; Evrard
et al., 2020). Greater complexity arises from the use of an expanding
array of fingerprints (e.g. Owens et al., 2016; Lizaga et al., 2024).

For identifying the sediment provenance and quantifying the per-
centage contribution of each of the three main sources to the streambed
sediments collected at the entrance of the final wetland in the ephemeral
lake (S5), we applied a state-of-the-art open-source R package-FingerPro
model (Lizaga et al., 2020a) (Fig. 2).

The relative contribution of each potential sediment source is
determined using a standard linear multivariate mixing model:

m
Z ajj e wj = bi
j=1
which satisfies:
m
D o=1
j=1

OS(U]‘S].

where b; is the tracer property i (i = 1 to n) of the sediment mixture, a;;
represents the tracer property i in the source type j (j = 1 to m), w; is the
unknown relative contribution of the source type j, m represents the
number of potential sediment sources and n is the number of tracer
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properties selected.

The model sensitivity was successfully tested using geochemical
fingerprints with artificial mixtures (Gaspar et al., 2019a). The appro-
priate selection of tracers that better discriminate the sources is
approached by using firstly, the conservativeness index (CI) and the
consensus ranking (CR) methods (Lizaga et al., 2020b) to identify tracers
exhibiting apparent non-conservative and non-consensual behaviour.
The CI is a non-parametric test that analyses tracer conservativeness
using mixture and source data to create an index that is a more so-
phisticated version of the range test. The CR is a scoring function that
involves multiple random debates between tracers, with the tracers
preventing consensus being discarded. It is important to note that
different mixtures, subjected to varying physical and chemical pro-
cesses, will result in different mixture values and, consequently,
different optimal tracer selections (Gaspar et al., 2019b; Lizaga et al.,
2020b).

Finally, the consistent tracer selection (CTS) method (Latorre et al.,
2021) as a more advanced discriminant function analysis, identifies the
most discriminant tracers while also examining their mathematical
properties to ensure consistency in over-determined datasets that
otherwise could introduce bias in all type of models (e.g., three sources
and three or more tracers). For the study dataset commencing with the
optimal pair of tracers characterized by the lowest dispersion and high
consensus (CR > 90), we progressively incorporated tracers from the
dataset that maintained solution consistency (¢ < 0.066). Once the
tracers are selected, the unmixing model provides the source appor-
tionment solutions that are expressed by the mean and standard devi-
ation calculated from the model results.

3. Results

3.1. Geochemical characteristics of the landforms and streambed
sediment

The succession of moraines at the foot of the Huayna-Potosi conform
to a hilly smoothed relief that holds a sequence of relatively recent
wetlands that developed subsequent to the recession of the glacier after
the Little Ice Age (LIA). The glacial materials exhibited considerable
heterogeneity, comprising angular to sub-angular blocks, cobbles, peb-
bles, and gravels derived from an array of granitic and metamorphic
rock types. These components are embedded within the assayed silty
matrix (Table 1). The periglacial colluvial materials displayed similar
heterogeneity, comprising angular blocks, cobbles, pebbles, and a silty
matrix.

The silt fraction was the most abundant, particularly pronounced in
colluvium and swamps compared to moraines that had a significantly
higher sand content. Nevertheless, there were no significant differences
in clay content, although colluvium had the highest levels. The acidic pH
varied little in moraines and colluvium but significant differences were
found in swamps, where the mean pH value was 6. Very low salinity was
recorded in moraines compared to swamps, where average EC was 0.5
dSm ™, while salts were not detected in colluvium. Calcium carbonate
was absent in all the study samples.

The content of organic carbon varied widely, ranging from unde-
tectable levels in three moraine points near the glacier tongue (M14,
M15, M16), to low percentages in other moraines and colluvium samples
(means: 0.4 and 1.1 %, respectively). Notably, swamps had very high
organic carbon content. The stable carbon fraction was less prevalent,
showing significant differences in moraines compared to colluvium and
swamps. In contrast, the active carbon fraction was more abundant,
especially in swamps, reaching up to 24.8 %. Nitrogen content in
swamps was also notably higher, up to tenfold compared to moraines,
which had the lowest nitrogen contents near the glacier tongue. How-
ever, colluvium had slightly higher nitrogen content, significantly
different from both moraines near the glacier and swamps, with levels
approximately five times lower than those observed in swamps.
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Table 1
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Characteristics of main physico-chemical properties (mean, sd) assayed in the fine material of the landforms. Anova test: Asterisks indicate significant differences
among landforms (p < 0.05). Fisher's Least Significant Differences (LSD) test: Different letters indicate significant differences between each landform (p < 0.05).

Moraines (n = 16) Colluvium (n = 9) Swamps (n = 4) Anova test Fisher's LSD test

Mean SD Mean SD Mean SD p value M C SW
Clay % 8.2 2.3 10.1 3.2 8.5 2.2 0.212 a a a
Silt % 68.7 3.5 71.5 1.5 73.8 5.3 0.017 a ab b
Sand % 23.1 4.9 18.4 2.8 17.7 5.2 0.019 b a a
SOC % 0.4 0.5 1.1 0.6 22.2 2.3 0.000 a a b
ACF % 0.3 0.3 0.7 0.4 21.6 2.6 0.000 a a b
SCF % 0.1 0.1 0.4 0.2 0.6 0.4 0.000 a b c
TN % 0.1 0.0 0.2 0.1 1.1 0.1 0.000 a b c
pH 5.2 0.8 5.1 0.6 6.0 0.2 0.098 a a b
EC dSm™? 0.1 0.0 0.0 0.0 0.5 0.1 0.000 a a b

sd: standard deviation.

In the proglacial area, the most abundant stable elements were Fe
and Al, followed by Si, K, Na, Ti, Mg, and Ca, then P, B, Mn, S, Tl and As
(Table 2). Minor elements in descending order were Zn, V, Sr, Li, Cr, Pb,
Cu, Rb, Bi, Ni, and Co. As trace elements, La, Be, Cd, Mo, Sb, while Se
was mostly below detection limits. Similar abundance patterns were
observed in the streambed sediments, except for enhancements of Mg, B,
S, As, Zn, and Rb. Additionally, Pb and La contents nearly doubled those
in the landforms, while depletion only affected Ti, Tl, and Mo. The
lowest radionuclide activities were observed for 3”Cs, while the highest

Table 2

Basic statistics for the mass activity of fallout and environmental radionuclides
and stable elements content assayed in the landforms and the streambed
sediments.

Landforms (n = 29) Streambed sediments (n = 5)

Mean SD CV % Mean SD CV%
Radionuclides Bq kg !
137¢s 2.1 1.9 87.0 0.3 0.5 183.3
210pp, 105.1 53.1 50.5 42.7 7.4 17.3
22°Ra 54.8 18.2 33.2 61.3 2.4 3.9
22Th 69.9 18.9 27.1 66.8 9.4 14.0
28y 96.8 20.3 20.9 184.4 52.2 28.3
40K 841.5 204.3 24.3 847.0 130.5 15.4
Stable elements mg kg~*
Fe 39,929.0 15,094.3 37.8 34,686.0 7189.7 20.7
Al 34,473.8 8713.3 25.3 36,432.0 5170.3 14.2
Si 20,478.1 7841.9 38.3 21,062.0 875.5 4.2
K 17,344.3 4494.9 25.9 21,672.0 2154.9 9.9
Na 10,008.3 4160.3 41.6 12,512.0 999.5 8.0
Ti 6205.6 1894.5 30.5 6140.0 4245 6.9
Ca 3843.2 2508.7 65.3 4163.2 650.9 15.6
Mg 3296.4 1589.4 48.2 5202.8 900.9 17.3
P 1230.2 277.1 22.5 1425.8 75.9 5.3
B 1135.4 472.6 41.6 1557.6 90.5 5.8
Mn 845.8 665.9 78.7 640.3 91.2 14.2
S 666.9 872.1 130.8 876.8 1169.9 133.4
Tl 223.2 238.2 106.7 61.3 125.9 205.2
As 142.6 130.7 91.7 247.6 97.4 39.4
Zn 88.7 28.2 31.8 162.8 24.5 15.1
\% 72.0 20.4 28.4 68.9 14.3 20.7
Sr 63.5 23.2 36.5 76.3 6.6 8.6
Li 63.9 21.9 34.2 72.0 15.5 21.5
Cr 59.8 14.6 24.4 62.0 11.4 18.4
Pb 57.1 41.2 72.2 102.5 34.8 33.9
Cu 45.8 55.2 120.5 42.4 9.4 22.3
Rb 27.7 13.0 47.0 422 5.4 12.8
Bi 26.3 7.4 28.3 26.7 3.8 14.1
Ni 22.9 8.4 36.8 34.1 7.4 21.6
Co 20.2 7.2 35.7 20.5 2.8 13.8
La 3.6 3.2 90.7 6.5 2.1 31.8
Be 2.8 0.8 27.4 3.2 0.6 20.2
cd 1.4 0.8 59.8 1.7 0.6 31.6
Mo 1.5 0.8 51.1 1.4 0.3 21.9
Sb 1.1 0.7 62.5 0.2 0.4 223.6
Se 0.3 0.5 154.5 0.6 1.0 169.2

sd standard deviation; CV coefficient of variation.

were for *°K. The levels of FRN were significantly lower in the streambed
sediments. However, the mass-specific activities of the environmental
radionuclides were similar in the landforms and the streambed sedi-
ments. In contrast, the 238( activities in the streambed sediments were
twice those of the sources (Table 2).

Significant differences (p < 0.05 %) were found in the contents of
most stable elements (except for Fe, P, B, Tl, Zn, Sr, Li, Cr, Bi, Cd and Se)
among the three sediment sources: moraines, colluvium and swamps.
While the latter were most variable, moraines and colluvium shared
more similarities in stable element contents (Table 3). This trend was
also evident in the radionuclide activities, with 2°U and !*’Cs being
similar in colluvium and swamps, while swamps showed the most dif-
ferentiation in the remaining radionuclides. Thus, FRN activities were
highest in swamps, while the opposite was recorded for ERNs.

Based on the general properties, stable elements and radionuclide
values a clear discrimination among the landforms was evident in the
scatter plot of the Linear Discriminant Analysis (LDA) (Fig. 3). The re-
sults of the principal component analyses using 37 variables (5 prop-
erties (clay, silt, sand, SOC and TN), 26 stable elements and 6
radionuclides) displayed three main principal components explaining
67.1 % of the total variance. The scatter plot of the first three principal
components (Fig. 3) illustrated these relationships. Component 1 (37.7
% of total variance) highlighted the association of nutrients (SOC and
Nitrogen) with fallout radionuclides and certain elements like Fe, Mn, S
and Mo, prevalent in swamps, however nutrients were inversely asso-
ciated with lithogenic radionuclides and most major elements, while
conversely sand showed direct correlation with lithogenic radionuclides
and most stable elements. In component 2 (17.1 % of total variance),
sand was linked with 238U, Ca, Na, Mg, Sr and Rb, while clay correlated
with 232Th and “°K and minor elements. In contrast, component 3 (12.3
% of total variance) showed associations between clay and fallout ra-
dionuclides, as well as with major elements.

The spatial distribution of radionuclides and stable elements in the
proglacial area showed distinct features (Fig. 2 Supplementary Mate-
rials). While fallout radionuclides were very low in moraines near the
glacier tongue for 210Pbex, while 1¥7Cs being absent, they reached their
highest levels in swamps and certain colluvium sites adjacent to meta-
morphic outcrops on the east side. Opposite, the contents of lithogenic
radionuclides were very low in swamps but abundant in moraines
beneath the expanding lake, particularly for 22°Ra, 232Th and “°K.
Similarly, 238y contents were low in swamps and recently exposed
moraines near the glacier tongue. Major element abundance (Al, Si, K,
Na, Ti, Mg and P) was mainly associated with moraines, with lesser
contents in certain colluvium sites except for those on the west side,
while lower contents appeared in swamps. Although, Ca was more
abundant in moraines, high levels were also found in swamps. However,
Fe had low contents in moraines but was concentrated in some swamps
and colluvium sites on the east side. High S levels were observed in
swamps and one recently exposed moraine near the glacier tongue.
Additionally, Mn also predominated in swamps, while B was highest
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Table 3

Geomorphology 460 (2024) 109250

Mass activity of fallout and environmental radionuclides and stable elements contents (mean, sd) assayed in the landforms. Kruskal Wallis test: Asterisk indicate
significant differences of median values among landforms (p < 0.05). Fisher's Least Significant Differences (LSD) test: Different letters indicate significant differences

between each landform.

Moraines (n = 16) Colluvium (n = 9) Swamps (n = 4) KW test Fisher's LSD test

Mean SD Mean SD Mean SD P value M C SW
Radionuclides Bq kg !
137¢s 1.3 1.5 2.6 1.8 4.3 0.8 0.010 * a ab b
210pp, . 87.8 46.7 104.5 37.3 175.9 58.3 0.045 * a ab b
22°Ra 62.9 14.6 55.4 4.5 20.8 7.8 0.005 * b b a
22Th 74.7 14.8 77.2 7.9 34.0 9.3 0.006 * b b a
28y 103.3 20.8 85.8 10.9 95.6 27.6 0.084 b a ab
40K 918.9 107.4 892.2 97.3 417.5 165.1 0.005 * b b a
Stable elements mg kg~*
Fe 35,158.8 6860.4 40,906.7 18,827.6 56,810.0 21,016.8 0.244 a ab b
Al 40,065.6 4952.3 30,484.4 6435.4 21,082.5 4682.5 0.000 * c b a
Si 23,867.3 6623.1 19,335.6 6845.6 9492.3 1887.6 0.008 * b b a
K 19,716.9 2669.1 16,971.1 2100.4 8693.5 3311.6 0.000 * c b a
Na 12,189.6 3947.1 8481.8 2141.3 4718.3 1316.5 0.001 * b a a
Ti 7145.6 1103.8 6262.2 675.7 2317.9 1146.7 0.001 * c b a
Ca 4295.2 2395.9 1714.4 802.6 6825.0 1334.4 0.002 * b a c
Mg 4421.9 1108.4 1943.6 913.5 1838.3 358.5 0.000 * b a a
P 1308.4 146.3 1202.0 376.1 980.6 338.0 0.234 b ab a
B 1184.8 467.6 1207.4 523.4 776.0 246.1 0.182 a a a
Mn 530.1 94.5 902.3 653.9 1981.5 832.7 0.008 * a a b
S 407.3 509.6 316.9 245.4 2493.0 683.1 0.007 * a a b
Tl 184.4 132.2 151.6 194.6 539.2 429.9 0.086 a a b
As 152.1 117.8 71.2 37.4 265.4 224.7 0.029 ab a b
Zn 87.9 28.3 93.8 29.5 80.1 30.3 0.511 a a a
\% 66.9 10.3 94.3 12.3 42.6 14.0 0.000 * b c a
Sr 69.7 21.1 49.8 20.6 69.6 29.1 0.120 b a ab
Li 69.4 24.2 64.4 9.4 40.8 20.7 0.113 b ab a
Cr 56.4 11.9 65.3 14.7 61.3 23.5 0.297 a a a
Pb 72.2 47.1 44.9 24.3 24.0 5.4 0.001 b ab a
Cu 33.2 19.0 79.9 89.6 19.8 6.7 0.002 * a b ab
Rb 36.6 10.3 18.2 5.9 13.9 4.2 0.000 * b a a
Bi 23.7 3.5 28.7 8.5 31.8 12.9 0.179 a ab b
Ni 20.5 4.9 30.7 8.8 14.9 6.0 0.001 * a b a
Co 16.9 4.4 26.6 8.7 19.2 2.4 0.013 * a b a
La 5.6 2.8 0.3 0.6 3.0 1.7 0.000 * b a ab
Be 3.0 0.7 2.8 0.7 1.7 0.3 0.011 * b b a
cd 1.2 0.4 1.2 0.7 2.3 1.6 0.423 a a b
Mo 1.0 0.3 1.9 0.7 2.3 0.9 0.000 * a b b
Sb 1.1 0.5 1.5 0.7 0.2 0.3 0.005 * b b a
Se 0.2 0.3 0.6 0.7 0.2 0.4 0.269 a a a

sd standard deviation.

near the glacier tongue and in colluvium of the east side, as well as
moraines on the west side.

Concerning minor elements, Zn predominated also on the east side
and in recent moraines near the glacier tongue, but less abundant in
some swamp points. However, As abundance was highest in headwater
moraines and swamps that also contained high levels of Tl. Strontium
and Li predominated in the moraines below the expanding lake, while V
content was higher in most colluvium points. The abundance of Cr, Ni,
Bi and Cu showed no clear spatial patterns. However, Rb and Pb pre-
dominated in headwater moraines. In general, trace elements such as
Co, Be, and Sb were more abundant in colluvium sites near metamorphic
outcrops on both sides, and high levels of La were associated with mo-
raines, while Cd and especially Mo contents were high in swamps and
colluvium on the east side. Compared to the geochemical contents in the
landforms, the streambed sediments were significantly enriched (p <
0.05) in 238U, K, Na, Mg, As, Zn, Pb, Rb, Ni and La, but showed sub-
stantial depletion in 137¢s and 21%Pb,y, Mo and Sb.

In reference to the geochemical transfer from the proglacial area near
the glacier tongue to the wetland shallow lake in the valley, distinct
patterns were observed in the streambed sediments along the main
stream draining the moraines at the headwaters and the wetlands in the
glacial valley (Fig. 4). Fallout '3”Cs was only detected at the outlet of the
expanding lake (S2) and the initial point of the wetlands (S3), with lower
activity levels. However, 210Pbex activities increased at the headwaters

and then decreased in the wetlands, mirroring the trend seen for “°K. In
contrast, radionuclide activities from the U and Th series, especially 238y
and 232Th, increased in the wetlands.

Regarding the stable elements, important variations were observed
in the streambed sediments (Fig. 5). Major elements (Fe, Al, Mg, Ca, Mn,
and B) showed clear increment along the stream course. Minor elements
(Li, Rb, Ni, and Co) and Cd contents exhibited slight increases.
Conversely, substantial decreases were recorded in S, Pb, and Cu, while
Cr content reduction was more moderate. Certain elements such as Si
and Na, as well as P and Mo displayed relatively uniform distribution
along the stream. However, no distinct patterns were evident for K, Ti,
and V. Thallium showed significant variations, while La content
exhibited less prominent variation. Additionally, Se and Sb were
exclusively detected in the moraines near the glacier tongue.

3.2. Quantifying the contribution of the landforms to the streambed
sediments

To identify the origin of sediments in the streambed samples
collected at the final point within the wetland shallow lake (sediment
mixture S5, Fig. 1) we used the latest version of the FingerPro R package.
By applying the CR and CI methods (Table 4a) and selecting pairs with
CTS (Table 4b), we identified the optimal pair of V and Ti to which the
consensual tracers S, 232Th, 4K and Si were added, resulting in the
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Fig. 3. a) 2D scatter plot diagram of the Linear Discrimination Analysis of the
stable elements and radionuclides for the different landforms: moraines, col-
luvium and swamps. b) 3D scatter plot diagram of the Principal Component
Analysis showing vectors of soil properties (Clay, Silt, Sand, SOC, TN), stable
elements and radionuclides for the study landforms.

selected tracer set: V, Ti, S, 2327, 40K and Si.

As depicted in the triangles of Fig. 6, out of the six chosen tracers V,
Ti, S, 232Th, 40K and Si, V exhibited the highest values in colluvium,
while S content was highest in swamps. Additionally, Ti, 232Th, 49K, and
Si contents, that were the lowest in swamps, served as effective dis-
criminators, proving to be optimal tracers for estimating the propor-
tionate contribution of the study landforms. The density graph in Fig. 6
displayed well defined peaks and minimal dispersion.

The predominant contribution emerged from moraines, contributing
as much as 54.2 + 9.7 % of the sediment composition in the streambed
mixture S5. Subsequently, colluvium materials contributed to a lower
extent, around 39.2 + 8.9 %, whereas swamps made the smallest
contribution, accounting for <6.6 + 2.4 %.

4. Discussion

Considering the origin of the landforms and the geomorphic pro-
cesses involved, the grain size distribution was generally quite uniform.
However, significant differences in the sand content of moraines
(Table 1), suggest larger mineralogical components resulting from
glacial processes compared to colluvium and swamps. The most signif-
icant differences were found in nutrient content. Soil organic carbon
(SOQ), active and stable carbon fractions, and Total Nitrogen (TN),
exhibited their highest values in swamps, contrasting sharply with the
other landforms (Table 1). The elevated soil nutrient content suggests
very active soil processes and dynamic interplay between soil and plants
in swamps, governed by the hydromorphic conditions associated with
springs (Liberman, 2021). This contrasts with limited or negligible soil
development observed in colluvium and recently exposed moraines.
Consequently, pH and electrical conductivity levels are highest in
swamps, buffering the acidic pH inherent in the glacial materials.

The abundance of major elements (Al, Fe, Si, K, Na, Ca, and Mg)
aligns with the mineral composition of granite and granodiorite rocks
found in the Huayna-Potosi batholite, which includes quartz, feldspars
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(microcline, plagioclases), and micas (Cordani et al., 2019). Similar
major elements are also present in quartzites and schists of the Palae-
ozoic Amutara Formation. However, due to its sedimentary origin and
subsequent transformation from contact metamorphism (Sempere et al.,
2002), these formations exhibit lower contents of Al, Si, Na, Ca, and Mg.
Therefore, the presence of these major elements indicates that silicates,
particularly K feldspars and Na- and Al-rich plagioclases (Kabata-Pen-
dias, 2011), form the main components of the fine silty matrix in the
study landforms, which are primary fine sediment sources for the
streambed deposits, aligning with their compositional characteristics
(Table 2).

Nevertheless, the significant differences observed in swamps,
particularly in comparison to moraines and colluvium, underscore the
influence of soil processes driving the accumulation of various elements
within the organic rich soil. Notably, elements such as Fe, S, and Mn,
likely originated from Fe and Mn sulfides are associated with the hy-
dromorphic and redox conditions found in swamps (Kabata-Pendias,
2011). Besides the existence of pyrite (Cordani et al., 2019; Sempere
et al., 2002), the potential presence of Fe and Mn nodules in swamps
soils cannot be discarded. In contrast, the depleted levels of Al Si, K, Na,
and other minor and trace elements are likely linked to the lower
abundance of mineral material found in the organically enriched soils of
the swamps (Table 1).

Furthermore, the depletion of elements like Ti, V, Cu, Rb, and Ni may
be a consequence of their solubilization and subsequent export, facili-
tated by the prevalence of humic and fulvic substances (Stevenson,
1983). Conversely, the elevated levels of Tl and As could be attributed to
specific S minerals such as lorandite (TIAsS2) and As-rich pyrite, or
possibly due to sulfide oxidation (Kabata-Pendias, 2011). To a lesser
degree, the slightly higher Cd content in swamps compared to moraines
and colluvium may be attributed to its affinity for S (Kabata-Pendias,
2011), suggesting that the adsorption mechanism, enhanced by organic
matter in swamps, could be relevant. The substantial organic matter
content in swamps likely plays a major role in the recycling of
geochemical elements, facilitating both solubilization of elements and
retention through specific bonds (Tipping, 1981).

At the glacier tongue, the absence of 1*’Cs indicates that the actual
fresh moraines remained beneath ice cover during the period of 137Cs
fallout, with the peak fallout occurring in 1964-1965 in South America
(Chaboche et al., 2021, 2022) and ending in 1980. The low levels of
210pp,,, which experiences constant fallout, further support the idea that
the area in close proximity to the glacier tongue was under ice cover and
has only become exposed within the last four to five decades. Besides,
the findings from the aerial survey conducted in 1975 by the Bolivian Air
Force (FAB) and the analysis of high-resolution panchromatic images of
2021 from the Brazilian satellite CBERS-4 A (Fig. 1 Supplementary
Material) also provide evidence of the retreat of the Huayna Potosi
glacier. These outcomes highlight the swift pace of glacial recession and
its environmental effects.

The presence of '%7Cs fallout has demonstrated its efficacy as a
radiotracer (Evrard et al., 2020) and especially for tracking glacier
retreat as it has been observed in other recently deglaciated regions of
maritime Antarctica (Navas et al., 2017, 2018).

Conversely, the high levels of both fallout radionuclides within
swamps highlight their strong association with organic matter and the
efficiency of their binding mechanisms, particularly concerning 2'°Pbey
(Gaspar et al., 2017). The presence of 137Cs in colluvium, contrasts with
findings around Par6n Lake in the Cordillera Blanca, Perti (Navas et al.,
2022), where more energetic runoff led to the removal of 137¢s fixed in
fine particles through erosion.

The scenario differs markedly for lithogenic radionuclides that are
components of mineral lattices and consequently less prevalent in the
organically rich swamps. In these areas, activities for 2°Ra, 232Th, and
40K are half that of moraines and colluvium. However, the abundance of
28y is likely associated to the occurrence of Zr, as detailed in the
Huayna-Potosi Mountain by Cordani et al. (2019), who reported
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Fig. 5. Downstream variation of the stable elements content in the streambed
sediments collected in the proglacial area of Huayna-Potosi along the glacial
valley from the glacier tongue (S1) to the wetland area ending in the ephemeral
shallow lake (S5).

exceptional uranium concentrations within zircon crystals.

The spatial distribution patterns of the geochemical levels clearly
indicate the enrichment of ERNs and stable elements related to their
abundance in igneous rocks and argillaceous materials. The high
mineralization present in the rock outcrops along the eastern margin,
associated with the contact metamorphism aureole, is likely the reason
for the highest content of several stable elements in this area (Fig. 2
Supplementary Material). A different origin of high mineralization
prevails in the same area, where the highest contents of S, Fe, and Mn in
swamps indicate the abundance of sulfides, facilitated by the

10
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Table 4

a) Values of consensus ranking (CR) and conservativeness index (CI) of the
selected tracers and b) apportionments of the most discriminant pairs from the
CTS analysis.

a)

Tracer CR Cl %
\% 97.4 51.36
S 97.4 44.64
Ti 96.8 45.40
22Th 96.4 44.88
40K 95.8 44.68
Si 93.7 44.94
Ca 90.9 45.42
22Ra 86.9 46.72
214p;j 75.4 45.20
b)

Moraines Colluvium Swamps

Tracer pairs Mean SD Mean SD Mean SD
V Ti 0.45 0.10 0.43 0.09 0.12 0.04
v 40K 0.56 0.12 0.38 0.10 0.06 0.04
VS 0.55 0.13 0.38 0.10 0.06 0.05
V Si 0.60 0.15 0.36 0.10 0.04 0.08
V 2%2Th 0.61 0.17 0.36 0.12 0.03 0.07

hydromorphic (Liberman, 2021) and redox conditions present in this
sector. Additionally, the high content of a few elements such as Pb, Rb,
and B, along with S, are governed by mineralogy of highly reactive
moraines that have been recently exposed near the glacier tongue.

Within the domain of the recently exposed moraines, there is a
general increase in radionuclide contents in streambed sediments at the
outlet of the expanding lake. This increase is likely due to the accumu-
lation of fine siliciclastic material containing both lithogenic and fallout
radionuclides in the lake. Further down the valley, in the wetland
domain, the disappearance of 137¢s is observed in S3 (Fig. 4). Processes
that could lead to depletion of FRNs include the selective export by
runoff of finer and lighter organic material containing the fallout ra-
dionuclides, as well as the dilution effect following mixing in the streams
with materials devoid of '3’Cs. Besides, both ¥7Cs and 2'°Pbex can be
retained by the organic-rich soils of the wetlands due to their adsorption
by organic matter (Gaspar et al., 2017; Martinez et al., 2010).

In contrast, the continuous increasing trend in 238 content, and to a
lesser extent in 232Th, may reflect the accumulation of Th-bearing
accessory minerals and U-rich Zr crystals, as reported by Cordani et al.
(2019). However, in the case of 228U, high mobility has been reported in
various environments (Cowart and Burnett, 1994), as well as in other
siliciclastic sedimentary substrates (Navas et al., 2002), in contrast to
the low mobility of 232ThH (Navas et al., 2005).

The stable elements are transported through the main stream and
small tributaries that drain the moraines at the headwater and wetland
areas. The overall increase in certain elements displays variations
ranging from substantial increments in major elements (e.g. Fe, Al, Ca,
Mn) to more modest changes (e.g. Co, Cd). This indicates a trend to-
wards a geochemical particulate transfer linked to fine particles, which
involves up to 10 elements. However, Si, B, P and Na exhibit relative
uniformity along the stream course, suggesting their stabilization within
the fine material of the streambed or may be attributed to the absence of
additional significant sources of input or export for these elements.

Conversely, significant reductions in Pb, Cu, and to a lesser extent Cr
and Sb, suggest their retention within the rich organic soils of wetlands
covered by dense vegetation, which includes both flattened and pro-
truding cushions. These soils experience water saturation conditions
(Liberman, 2021). Although water stored in these cushions flows grad-
ually, it is worth noting that even during the dry season when contin-
uous water delivery occurred during the field sampling, the running
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Fig. 6. Percentage contribution from the three landforms, obtained with the consistency method (CTS), to the sediment mixture S5, located in the ephemeral shallow
lake of the wetland area. a) Density graph of the unmixing results from FingerPro model and b) ternary diagrams of the tracers selected by applying CI and

CR methods.

water appeared clear and devoid of any particulate matter. This em-
phasizes the effective role of wetland vegetation in capturing sediments,
as well as certain associated elements and nutrients. This phenomenon
highlights the crucial function of vegetation in water filtration, ulti-
mately leading to a reduction in sediment load (Buytaert et al., 2011).

The geological setting of the study area comprises Quaternary for-
mations, including moraines and colluvium mantles. Colluvium deposits
rest atop high-gradient slopes at the base of Palaeozoic reliefs, origi-
nating from intense periglacial processes. These landforms overlay the
underlying rock substrate. Cryoclastic processes, freeze-thaw cycles,
rock failures, snow avalanches, debris flows, and glacial erosion
collectively contribute to the weathering of the underlying rocks within
the proglacial area. As a result, the materials of these landforms disin-
tegrate into fine particles, which are then transported by runoff within a
complex cascade of sediment fluxes.

Concerning the identification of sediment provenance, among the
conservative and consensual tracers 232Th and “°K activities, along with
Si, are influenced by prevalent siliciclastic components in moraines and
colluvium. Their elevated activities in streambed sediments of S5
mixture further emphasize their bond with argillaceous minerals, linked
to the abundance of clay and silt sizes in S5. Ti, a significant component
in silicates (Kabata-Pendias, 2011), explains its prevalence in moraines
and colluvium. In contrast, S content is six to eight times higher in
swamps, while V, present in argillaceous sedimentary rocks and also
originating from secondary sources (Kabata-Pendias, 2011), exhibits its
highest levels in colluvium.

The extensive coverage of moraines resulting from various glacier
retreat periods post the Little Ice Age (LIA), coupled with their high
connectivity, leads to significant sediment delivery from this source.
Consequently, moraines contribute up to 54 % of the sediment in the S5
streambed mixture within the shallow wetland lake (Fig. 6). Moreover,
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the direct connectivity and steep slopes of colluvium mantles also play a
significant role, accounting for 39 % of the sediment contribution. This
pattern aligns with findings from the tropical highlands of the Arte-
sonraju Glacier in the Peruvian Cordillera Blanca, where Navas et al.
(2022) observed that moraines were the primary sediment source for
fine sediment.

The principal contributions from both landforms stem from their
scarce vegetation coverage, making the exposed surfaces of moraines
and colluvium highly reactive. As a result, runoff and snowmelt over
these sparsely vegetated landforms contribute significantly (93 %) to the
supply of fine sediment that rapidly reaches the streams.

The recently exposed moraines near the glacier tongue, devoid of
vegetation, are likely to supply substantial amounts of sediment during
ice melt. The steepness colluvium deposits promotes intense slope/
gravitational and runoff processes, hindering soil development
compared to the more developed soils found in slope swamps and valley
floor's wetlands, which explains their relatively high sediment
contribution.

In contrast, the stability of swamps, protected by a dense covering of
cushions and aquatic macrophytes, effectively limits erosion. Further-
more, the retention of sediment and particle aggregation, facilitated by
the abundant organic matter, greatly reduces their sediment contribu-
tion to <7 %. This is remarkable considering the steep slopes and
intricate network of small streams that continually incise and drain their
surfaces, suggesting the effectiveness of swamps in sediment retention
and erosion control.

It is important to note that sampling was conducted during the dry
season, with no precipitation before or during the campaign. Conse-
quently, no runoff was observed on the landforms, and runoff from ice
melt and swamps carried insignificant sediment load (mean suspended
sediment concentration of 8 samples collected from streams during the
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campaign was 42.7 + 2.6 mg/|L). However, it is worth considering that
different conditions could arise during wet periods or heavy rainfall
events. In such situations, contributions from these landforms may vary,
as observed in temperate environments following exceptional precipi-
tation events (Gaspar et al., 2019b).

Furthermore, research conducted in other proglacial areas has shown
that stronger floods during snowmelt (Navas et al., 2020) and intense
rainfall events (Navas et al., 2022) can lead to intensified erosion,
particularly during the peak of the melting season or El Nino events. This
has been confirmed by on-site flood observations after rainfall events in
the Huayna-Potosi area, where substantial sediment flux into streams
was observed.

5. Conclusions

This study underlines the distinctive geochemical compositions of
the study landforms, which arise from their lithological characteristics
and formation processes. Moraines, are intricately tied to glacier pro-
cesses and retreat, while for colluvium, the central operational processes
encompass freeze-thaw cycles and gravity. In contrast, swamps are
formed under hydromorphic conditions, leading to the accumulation of
organic matter and distinctive compositions with the highest levels of
nutrients, fallout radionuclides and elements such as S, Fe, and Mn,
besides Tl and As. This particularity arises not only from specific
dissolution and fixation processes by the organic components but also
due to lower content of siliciclastic materials. Moreover, the capacity of
swamps to retain fine sediment serves to mitigate harmful impacts on
water bodies.

The transfer of geochemical elements varied significantly along the
stream course from the moraine domain at the headwater to the wet-
lands on the valley floor. At the final sampling point (S5 sediment
mixture) in the wetland shallow lake, streambed sediments were
enriched in 2%8U and, to a lesser extent, in 232Th, but depleted in other
radionuclides. Additionally, there were substantial increases in major
elements (Fe, Al, Mg, Ca and Mn), significant decreases in Pb and Cu,
and moderate depletions for Cr and Sb. The complex interplay of pro-
cesses within both the glacial-periglacial and wetland domains underlies
the observed compositional variations along the stream with adsorption,
solubilization, and retention within the wetlands governing biogeo-
chemical cycles and element distribution. Therefore, preserving high-
altitude wetlands as buffers for recently exposed areas is essential.

The intense physical weathering across moraines and colluvium
drives the highest sediment delivery in the proglacial area, likely
enhanced by high water levels during snow and ice melting and wet
seasons, especially during El Nino events. Further research into sedi-
ment and geochemical dynamics linked to glacier shrinkage, especially
during high water levels, is required. Monitoring sediment influx from
moraines and colluvium is crucial for sediment control, preventing the
infilling of lakes and regulated dams. Given glacier decline, the preser-
vation of high altitude wetlands is vital for water supply to La Paz and El
Alto cities, as well as for supporting ecosystems and the regional
economy.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.geomorph.2024.109250.
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