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Abstract

The shrinking of glaciers is drastically transforming headwater catchments, exposing new
land surfaces and forming new water bodies, characterized by marked environmental
gradients and the activation of potential geochemical hazards. The aim of this study was to
characterize and compare the geochemical patterns of soil and water in areas deglaciated
between 1970/1984 and 2025 within the Llaca and Gueshgue valleys of the Cordillera
Blanca, Peru. Systematic soil and water sampling was conducted, and data were analyzed
using descriptive statistics and multivariate techniques. The analyses revealed a clear
and statistically significant geochemical differentiation between the two areas (p ≤ 0.05).
Gueshgue was identified as a system in transition, exhibiting geochemical signatures of
acid rock drainage (ARD), with loamy soils rich in Fe and Al, and acidic waters featuring
high redox potential and elevated concentrations of SO4

2−, EC, Co, Cu, Mn and Mg. In
contrast, Llaca exhibited greater stability, with neutral waters and sandy soils dominated
by silicate weathering signatures (SiO2) and trace elements (Al, Li, Ba, K, and Ti). These
findings indicate that the impact of glacier retreat on proglacial ecosystems is heterogeneous;
identifying these geochemical patterns is fundamental to establishing baseline monitoring
and guiding the sustainable management of these climate-change-sensitive ecosystems.

Keywords: hydrogeochemistry; soil geochemistry; physicochemical patterns; glacier
retreat; glacier forelands; tropical proglacial ecosystem; Cordillera Blanca

1. Introduction
Tropical glaciers are indicators of past, present, and future climate change [1,2] and key

components of high-mountain environmental systems, as they play a fundamental role in
hydrological regulation, energy-balance control, and the maintenance of physical, chemical,
and biogeochemical processes within ecosystems [3–5]. In the high tropical Andes, these
glacier systems act as natural water reservoirs, contributing significantly to seasonal water
supply and conditioning the dynamics of rivers, lakes, and developing soils [6–8]. However,
in recent decades, tropical glaciers have undergone accelerated retreat as a consequence of
rising temperatures [9,10] and variations in precipitation patterns [10].
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Climate change is generating profound impacts on tropical mountain ecosystems [11,12].
Glaciers are among the most affected components because of their high sensitivity [13,14],
thereby threatening the sustainability of proglacial and periglacial ecosystems. In this con-
text, Peru, which contains 68% of the world’s tropical glaciers, has lost approximately 56%
(1348.75 km2) of its glacier area over the last six decades [15]. In general, mountain ranges
with greater glacier cover tend to lose larger areas over time [14]; for example, the Cordillera
Blanca has lost 41.5% (301.40 km2) of its glacier area since 1962/1970 [15].

This accelerated deglaciation is driving profound transformations in the landscape
and functioning of high-mountain ecosystems [16,17], exposing and reshaping new terres-
trial environments, including the expansion of proglacial soils [18,19] as well as aquatic
environments, through the formation and expansion of new lakes and streams [6,20]. These
environments should be continuously monitored [15,21] as they may trigger future socio-
environmental conflicts related to competing uses of water and land resources [4,22,23].
Such ecosystem transformations promote physical and chemical weathering processes,
the mobilization of fine sediments, and the release of chemical elements from formerly
ice-covered bedrock into aquatic and soil systems [24]. These processes alter their physico-
chemical properties, quality, and functionality as habitats, with subsequent implications for
the primary ecological succession of biological communities [6,25].

These areas recently exposed by glacier retreat constitute major natural laboratories for
studying the composition and evolution of abiotic factors, as well as their future ecosystem
functions and services. Internationally, several studies have addressed these ecosystems
in the Arctic [21,26], Switzerland [27–31], Norway [32–34], China [35,36], Poland [37],
India [38], and Nepal [39]. However, the information gap for tropical glaciers, such as
those of the Cordillera Blanca, remains substantial, given the limited and spatially biased
research conducted to date [23,40–44].

In this context, the aim of this study was to comprehensively describe and compar-
atively analyze the geochemical patterns, including physical and chemical properties, of
water and soil in areas recently exposed by the retreat of tropical valley glaciers in Llaca
and Gueshgue. The joint assessment of these environmental compartments allows the
identification of variability patterns, relationships among parameters, and potential spatial
contrasts between both glacier-influenced environmental systems in the context of climate-
change-driven transformations. Overall, the results of this study contribute to improving
current understanding of the environmental processes associated with glacier retreat in the
tropical Andes and provide relevant information for the management and conservation of
high-mountain ecosystems in Peru.

2. Materials and Methods
2.1. Study Area

Cordillera Blanca is a mountain range that forms part of the Andes in South Amer-
ica and is located in the department of Áncash, Peru. It hosts the largest concentration
of tropical glaciers worldwide [14,15], extends over more than 13,000 km2, and has a
glacierized area of 424.86 km2 in 2020 [15,45]. It has also been widely recognized as one
of the region’s most sensitive to climate change [46]. Within this mountain range, the
tropical valley glaciers of Llaca and Gueshgue (Queshque, in the native Quechua language)
were selected as study areas (Figure 1). These glaciers have undergone substantial re-
treat in recent decades [15,47–49], making them systems of particular interest for studying
the environmental effects associated with the loss of glacier cover. Despite their relative
geographical proximity, both glaciers exhibit differences in their environmental configu-
ration, including geology, geomorphology, hydrological dynamics, and immediate sur-
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roundings, suggesting that glacier–water–soil interaction processes may vary significantly
between them.

 
Figure 1. Location of the Llaca and Gueshgue glaciers and soil and water sampling points in the
glacier retreat areas. Glacier boundaries were delineated following the methodology described
by Castillo-Vergara et al. [47]. Satellite imagery corresponds to PlanetScope imagery acquired in
December 2024 and provided through the Planet Education and Research Program.

Llaca Glacier is located in the Santa River basin, within the Casca catchment and
the Llaca valley, in the central-southern sector of the Cordillera Blanca. In 2020, it cov-
ered a glacierized area of 3.76 km2, with elevations ranging from 4512 to 6105 m a.s.l.
(hereinafter m) [50]. Its lower ablation zone has historically been covered by debris con-
sisting of a mixture of rocks, boulders, coarse gravel, and fine dust [51]. Over time, glacier
retreat has led to the formation of three lakes larger than 5000 m2, arranged in a stepped
sequence from the glacier front. These include a proglacial lake (Code 1376958-6, 4505 m)
undergoing continuous fragmentation and displacement due to its contact with the active
ice margin and dead ice, and two more stable periglacial lakes (Code 1376958-4, 4482 m and
Code 1376958-3 [Llaca], 4465 m). In addition, glacier retreat has exposed new proglacial
soils around the lakes in the form of mounds and islands, as well as a large latero-frontal
moraine extending to the artificial dam [52].

Gueshgue Glacier is located within the same Santa River basin, but in the Yanayacu
catchment and the Tranca Ruri valley, in the southern sector of the Cordillera Blanca.
In 2020, it covered a glacierized area of 1.62 km2, with elevations ranging from 4802 to
5622 m [50]. Its lower ablation zone is only minimally covered by debris, mainly on the
southwestern side, while clean ice is more widespread across its surface. Similar to Llaca,
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its historical retreat has led to the formation of three inventoried lakes: one proglacial
lake (Code 1376982-8, 4791 m), which is currently approaching the end of its expansion
phase, and two highly stable periglacial lakes (Code 1376982-5, 4735 m and Code 1376982-4
[Pamparaju], 4677 m). In addition, two main streams have developed, first connecting Lake
1376982-5 with the proglacial lake, which then drains into Pamparaju Lake. The terrain
exposed by glacier retreat is characterized by steep lateral slopes near the ice margin and the
proglacial lake, followed by an extensive semi-flat area with multiple surface irregularities
extending toward Pamparaju Lake.

Bedrock Geology and Lithological Setting

The geological setting of the study areas was characterized using the geological maps
and accompanying reports of the Instituto Geológico Minero y Metalúrgico (INGEMMET)
of Peru [53]. Llaca Glacier is located within the Huari quadrangle, sheet 19-i3, at a scale of
1:50,000, whereas Gueshgue Glacier is located within the Recuay quadrangle, sheet 20-i.
These geological datasets were used to identify the principal lithological units occurring
within and surrounding the glacier retreat areas.

In Llaca, the glacier retreat area is predominantly covered by Quaternary glacial de-
posits (Qh-gl), including lateral and frontal moraine deposits surrounding Llaca Lake.
These unconsolidated deposits consist of angular blocks and clasts derived from the sur-
rounding batholithic lithologies embedded within a poorly sorted silty-sandy matrix.
The surrounding bedrock is primarily represented by the Cordillera Blanca Batholith
granodiorite–monzogranite unit (Nm-bcb-gd,mgr). Monzogranitic lithologies are exposed
along the steep rock walls of the valley and are characterized by medium- to coarse-grained
plutonic rocks composed mainly of quartz, plagioclase, K-feldspar, biotite, and hornblende.
The pronounced fracturing of these rocks also favors the production and accumulation of
angular rock debris within the proglacial environment [54].

In Gueshgue, the glacier retreat area is also largely covered by Qh-gl. These unconsoli-
dated deposits consist of angular to subangular clasts of granodiorite, monzogranite, and
sandstone within a fine-grained matrix of clay, silt, and sand, corresponding to poorly sorted
glacial till. The surrounding geology is more lithologically heterogeneous than in Llaca.
Along the northern and western flanks, the bedrock is dominated by granodioritic and
tonalitic rocks of the Cordillera Blanca Batholith (Nm-bcb-gd,tn), characterized by phaner-
itic intrusive lithologies that form steep valley walls and exposed rock faces surrounding
the present glacier. In contrast, the southern and eastern flanks include sedimentary
rocks assigned to the Chicama Group–Tinajones Formation (JsKi-t), comprising laminated
gray-to-black shale and locally slate-like rocks interbedded with medium-grained quartz
sandstone and dark-gray limestone. This contrasting intrusive–sedimentary geological
setting provides a heterogeneous source of mineral material to the recently deglaciated
environment [55].

2.2. Sampling and Laboratory Analyses
2.2.1. Soil and Water Sampling

Soil and water samples were collected within the glacier retreat areas exposed over
recent decades. For Llaca Glacier, the sampled area corresponded to the 1970–2025 re-
treat zone, whereas for Gueshgue Glacier it corresponded to the 1984–2025 retreat zone.
Sampling in both areas was conducted in December 2024. The sampling fieldwork was
designed as a synchronous comparative assessment of both glacier retreat areas. Therefore,
the results represent the geochemical conditions observed during this sampling period and
were not intended to characterize seasonal variability.
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For soil sampling, nine 1 m2 sampling plots [21] were randomly established within
each deglaciated area. In each plot, five soil subsamples were collected from the four corners
and the center of the plot [21,56]. These subsamples were then mixed and homogenized
to obtain a representative composite soil sample of approximately 3 kg. Sampling was
conducted at a depth of 3–15 cm, after previously removing litter, pure organic layers,
and any surface vegetation when present [41]. The samples were collected using a small
stainless-steel shovel and placed in new, pre-labeled, airtight polyethylene bags.

For water sampling, 12 sampling stations were randomly distributed across the
aquatic systems, including proglacial lakes, periglacial lakes, and streams connecting
the lakes within the glacier retreat areas. Surface water samples were collected at a depth of
10–30 cm near the margins of the water bodies using white polyethylene or amber glass
bottles, depending on the parameter analyzed, following the recommendations of the
Autoridad Nacional del Agua (ANA) of Peru [57]. The specific preservation conditions are
detailed in Table 1.

Soil and water samples were placed in a thermal cooler with ice packs and transported,
stored, and preserved at ≤6 ◦C in the laboratory of the ESAT-FCAM Research Center at
UNASAM until processing in the corresponding laboratories.

2.2.2. Field and Laboratory Physicochemical Analyses

The physicochemical properties evaluated both in the field and in the laboratory are
presented and described in Table 1.

2.3. Statistical Analyses

Values below the limit of quantification (<LOQ) were replaced by LOQ/2 when they
accounted for less than 25% of the dataset [58,59], and were subsequently used in the
descriptive, comparative, and multivariate analyses. Parameters with a higher proportion
of <LOQ values were used only for descriptive and exploratory purposes [41,44] and were
not included in the statistical comparisons or multivariate analyses.

The descriptive statistical analysis of each parameter measured in the soil and water
samples included the mean, standard deviation (SD), minimum (min.), maximum (max.),
and coefficient of variation (CV). Boxplots were also prepared to assess the dispersion
and central tendency of the physicochemical properties within and between the two study
areas. Data normality was evaluated using the Shapiro–Wilk test to select the appropriate
statistical methods. Subsequently, either Student’s t-test or the Mann–Whitney U test was
applied to compare the parameters between the two study areas and determine whether
significant differences were present.

For the analytical and inferential statistical analyses, the integrated dataset was used
to perform a Principal Component Analysis (PCA) to identify the most influential physico-
chemical properties and evaluate joint variability patterns in the characterization of water
and soil. In addition, cluster analysis was conducted and represented through a dendro-
gram based on the similarity level obtained using Ward’s method and Euclidean distance,
with the aim of identifying groups of sampling points with similar physicochemical param-
eters. A permutational multivariate analysis of variance (PERMANOVA) was also included
to assess whether the groups defined by the cluster analysis and PCA differed significantly
from one another. Finally, Spearman’s correlation analysis (rs) was applied to determine
the relationships among the analyzed parameters in the study areas and to identify the
existing characterization groups.

All statistical analyses were performed at a significance level of p < 0.05 using R
software version 4.4.3.
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Table 1. Physicochemical properties analyzed and methodologies applied to soil and water samples from the glacier retreat areas of Llaca and Gueshgue.

Soil Properties

N Test Abbreviation LOQ Unit Laboratory Accreditation Analysis Methodology and Instrument Quantity Preservation Lifespan

1 Coordinates
(X and Y) - - m In situ -

Garmin GPSMAP 64s handheld GPS
navigator (Garmin International, Inc.,
Olathe, KS, USA), WGS84 UTM Zone 18S
coordinate system.

- - -

2 Altitude - - m a.s.l. In situ - GPS navigator, WGS84 UTM Zone 18S
coordinate system. - - -

3 Field slope SField - ◦ In situ - Direct measurement using a magnetic
base digital inclinometer. - - -

4 Temperature at 5 cm T5cm - ◦C In situ -

Direct measurement at a depth of 5 cm
using the Hanna HI 98501 digital
penetration thermometer (Hanna
Instruments, Woonsocket, RI, USA).

- - -

5 Hydrogen potential pHw - pH units ESAT - Mexican Official Standard
NOM-021-SEMARNAT-2000 [60], item
7.2.5, AS-02 (31 December 2002). Soil pH
and EC were measured using a Hanna HI
98129 pH/EC/TDS/temperature tester
(Hanna Instruments, Woonsocket, RI,
USA) at a soil-to-distilled water ratio of
1:2 (w/v).

10 g - 30 days

6 Electrical conductivity EC - µS/cm ESAT - 10 g - 30 days

7 Gravimetric humidity h 0.10 % SAG IAS-829

Mexican Official Standard
NOM-021-SEMARNAT-2000 [60], item
7.1.5 AS-05—Gravimetric Method
(31 December 2002).

100 g - 30 days

8 Soil bulk density ρb - g/cm3 SAG Unaccredited

Mexican Official Standard
NOM-021-SEMARNAT-2000 [60], item
7.1.3 Method AS-03—Paraffin Method
(31 December 2002).

>300 g - -

9 Total Kjeldahl Nitrogen TKN 0.05 % SAG IAS-829
SMEWW-APHA-AWWA-WEF [61]. Part
4500-Norg-C, 24th Ed., 2023.
Semi-Micro-Kjeldahl Method.

300 g - 30 days

10 Organic matter OM 0.22 % SAG INACAL-DA

Mexican Official Standard
NOM-021-SEMARNAT-2000 [60], item
7.1.7 AS-07. Walkley and Black Method
(31 December 2002).

300 g - 30 days

11 Texture and
granulometry - - % SGS Unaccredited

NTP 339.128, 1st Ed: 1999 (revised
2019) [62], Soils. Test Method for
Granulometric Analysis
(Validated—Modified and Applied
outside of scope). 2024.

500 g - 30 days
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Table 1. Cont.

Soil Properties

N Test Abbreviation LOQ Unit Laboratory Accreditation Analysis Methodology and Instrument Quantity Preservation Lifespan

12 Inorganic anions See Table 2 mg/kg SAG IAS-829
EPA Method 300.0:1993 Rev. 2.1.
Determination of Inorganic Anions by
Ion Chromatography [63].

100 g - 30 days

13 Metals See Table 2 mg/kg SAG IAS-829

EPA 3050-B (1996) Acid Digestion of
Sediments, Sludges, and
Soils [64]//SW-846 EPA Method 6010D,
Rev. 5, 2018. Inductively Coupled
Plasma—Optical Emission Spectrometry
(ICP-OES) [65].

300 g - 6 months

Water Properties

N Test Abbreviation LOQ Unit Laboratory Accreditation Analysis Methodology and Instrument Quantity Preservation Lifespan

1 Coordinates (X and Y) - - m In situ - GPS navigator, WGS84 UTM Zone 18S
coordinate system. - - -

2 Altitude - - m a.s.l. In situ - GPS navigator, WGS84 UTM Zone 18S
coordinate system. - - -

3 Temperature T - ◦C In situ -
Direct measurement using a Hanna HI
98194 multiparameter (Hanna
Instruments, Woonsocket, RI, USA).

- - -

4 Hydrogen potential pH - pH units In situ - Direct measurement using a Hanna HI
98194 multiparameter. - - -

5 Oxidation-Reduction
Potential (REDOX) ORP - mV In situ - Direct measurement using a Hanna HI

98194 multiparameter. - - -

6 Electrical Conductivity EC - µS/cm In situ - Direct measurement using a Hanna HI
98194 multiparameter. - - -

7 Total Dissolved Solids TDS - ppm In situ - Direct measurement using a Hanna HI
98194 multiparameter. - - -

8 Dissolved Oxygen DO - mg/L In situ - Direct measurement using a Hanna HI
98194 multiparameter. - - -

9 Chlorophyll A Chl-a 0.003 mg/L SAG INACAL-DA

SMEWW-APHA-AWWA-WEF [61]. Part
10150 A. Introduction, Part 10150 B.
Spectrophotometric Determination of
Chlorophyll A. 24th Ed., 2023.

1000 mL
Keep in darkness
and refrigerate at

≤4 ◦C
48 h

10 Total Organic Carbon TOC 0.1 mg/L SAG IAS-829

SMEWW-APHA-AWWA-WEF [61]. Part
5310 C, 24th Ed., 2023.
Persulfate-Ultraviolet or
Heated-Persulfate Oxidation Method.

500 mL
Keep in darkness
and refrigerate at
≤6 ◦C. If storage
exceeds 48 h, add
20 drops of H2SO4

48 h

11 Inorganic Carbon IC 0.1 mg/L SAG IAS-829

SMEWW-APHA-AWWA-WEF [61]. Part
5310 C, 24th Ed., 2023.
Persulfate-Ultraviolet or
Heated-Persulfate Oxidation Method.
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Table 1. Cont.

Water Properties

N Test Abbreviation LOQ Unit Laboratory Accreditation Analysis Methodology and Instrument Quantity Preservation Lifespan

12 Turbidity - 0.2 NTU SGS Unaccredited
SMEWW-APHA-AWWA-WEF [61]. Part
2130 B, 24th Ed.: 2023. Turbidity.
Nephelometric Method.

100 mL
Keep in darkness
and refrigerate at

≤6 ◦C
48 h

13 Inorganic anions See Table 3 mg/L SGS INACAL-DA
EPA METHOD 300.0, Rev. 2.1: 1993.
Determination of inorganic anions by ion
chromatography [63].

60 mL Refrigerate to
≤6 ◦C 28 days *

14 Total metals See Table 3 mg/L SGS INACAL-DA

EPA-Method 200.8 Rev. 5.4, 1994 [66].
Determination of trace elements in water
and waste by Inductively Coupled
Plasma-Mass spectrometry (ICP-MS).
2015 (Validated—Applied out of scope).

60 mL

Six drops (0.3 mL)
of HNO3 (1:1)

until pH <2 and
refrigerate to

≤6 ◦C

30 days **

Note: LOQ is Limit of quantification of the method; SGS is Société Générale de Surveillance del Perú S.A.C.; SAG is Servicios Analíticos Generales S.A.C.; INACAL-DA is Dirección de
Acreditación del Instituto Nacional de Calidad del Perú; IAS-829 is International Accreditation Service code TL-829; ESAT is Research Center for Environmental Earth Science and
Technology of FCAM-UNASAM. * Lifespan 28 days except for nitrate, nitrite and phosphate which are 48 h. ** Lifespan 30 days, except for Hg which is 28 days.

Table 2. Descriptive summary statistics, including the mean, standard deviation (SD), minimum (min.), maximum (max.), and coefficient of variation (CV), for the
physicochemical properties of 18 soil samples collected from the recently deglaciated areas of Llaca and Gueshgue. N.S. < LOQ: number of samples below limit
of quantification.

Soil Properties LOQ Unit
Llaca Gueshgue

N.S. < LOQ
Mean SD (σ) Min Max CV (%) Mean SD (σ) Min Max CV (%)

Altitude - m a.s.l. 4490 17 4474 4528 0.37 4740 25 4697 4786 0.53 -
SField - ◦ 14.53 13.41 1.00 32.80 92.26 14.26 11.67 0.60 34.25 81.80 -
T5cm - ◦C 14.42 2.45 11.10 18.10 16.96 6.53 4.35 0.10 13.70 66.54 -
pHw - pH units 6.96 0.15 6.64 7.09 2.16 6.53 1.23 3.34 7.26 18.78 -
EC - µS/cm 501.33 163.11 284 848 32.54 772.22 372.26 338 1481 48.21 -
h 0.10 % 10.56 5.93 2.62 23.12 56.18 9.40 3.51 4.34 16.80 37.30 -
ρb - g/cm3 1.52 0.12 1.36 1.70 7.68 1.67 0.29 1.28 2.18 17.20 -
TKN 0.05 % <LOQ - <LOQ <LOQ - <LOQ - <LOQ <LOQ - 18
OM 0.22 % - - <LOQ 2.10 - - - <LOQ 1.00 - 15

Texture and granulometry

Material (<2.00 mm) - % 85.1 8.70 72.26 98.22 10.23 67.16 10.48 44.71 81.86 15.60 -
Material (>2.00 mm) - % 14.9 8.70 1.78 27.74 58.42 32.84 10.48 18.14 55.29 31.90 -
Clay (<0.002 mm) - % 0.43 1.27 0.01 3.81 293.06 5.99 5.06 0.01 15.48 84.55 -
Silt (0.002–0.05 mm) - % 23.4 20.43 1.54 67.56 87.29 36.81 16.66 4.79 68.54 45.26 -
Sand (0.05–2.00 mm) - % 76.18 20.72 32.44 98.46 27.20 57.21 21.12 15.98 95.21 36.91 -
Textural class - % Loamy sand - - - - Sandy loam - - - - -
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Table 2. Cont.

Soil Properties LOQ Unit
Llaca Gueshgue

N.S. < LOQ
Mean SD (σ) Min Max CV (%) Mean SD (σ) Min Max CV (%)

Inorganic anions

Chloride (Cl−) 0.70 mg/kg 2.44 1.39 0.98 5.21 57.05 3.73 2.30 1.62 9.03 61.65 -
Fluoride (F−) 0.40 mg/kg 0.91 0.86 <LOQ 2.94 94.02 0.90 0.56 <LOQ 1.72 61.99 5
Nitrate (NO3

−) 0.90 mg/kg 3.35 1.93 <LOQ 6.14 57.77 8.65 10.39 1.31 30.47 120.17 1
Nitrate-N (NO3

−-N) 0.20 mg/kg 0.76 0.44 <LOQ 1.39 57.93 1.95 2.34 0.30 6.88 120.04 1
Nitrite (NO2

−) 0.70 mg/kg <LOQ - <LOQ <LOQ - <LOQ - <LOQ <LOQ - 18
Nitrite-N (NO2

−-N) 0.20 mg/kg <LOQ - <LOQ <LOQ - <LOQ - <LOQ <LOQ - 18
Phosphate (PO4

3−) 0.60 mg/kg 1.86 2.10 <LOQ 6.63 113.24 <LOQ - <LOQ <LOQ - 11
Phosphate-P
(PO4

3−-P) 0.20 mg/kg 0.61 0.68 <LOQ 2.16 112.47 <LOQ - <LOQ <LOQ - 11

Sulfate (SO4
2−) 0.70 mg/kg 15.21 8.50 6.47 33.86 55.87 359.10 442.01 24.34 1313.50 123.09 -

Metals in higher concentrations

Aluminum (Al) 4.7 mg/kg 3142.92 1509.55 1775 5879.10 48.03 11,074.64 3224 6679.80 15,913.30 29.11 -
Calcium (Ca) 8.0 mg/kg 713.22 184.52 479.50 1019 25.87 1421.96 1321.48 252.60 3537.30 92.93 -
Iron (Fe) 0.8 mg/kg 4365.91 2473.55 2127.30 8966.10 56.66 16,963.44 4393.68 9255.30 20,000 25.90 -
Potassium (K) 11.7 mg/kg 1259.34 749.13 625.60 2718.70 59.49 2422.17 889.16 1255.90 3646.30 36.71 -
Magnesium (Mg) 12.3 mg/kg 1061.28 630.10 512.80 2227.30 59.37 3494.01 1034.65 2116.40 5143 29.61 -
Silica (SiO2) 5.77 mg/kg 3270.65 865.26 2228.94 4633.87 26.46 4325.52 737.76 2968.23 5000 17.06 -

Metals in moderate concentrations

Barium (Ba) 0.77 mg/kg 13.71 7.48 6.79 27.93 54.57 73.00 46.68 11.49 145.02 63.94 -
Copper (Cu) 0.23 mg/kg 1.12 0.61 0.40 1.97 54.54 25.36 14.22 8.00 46.13 56.07 -
Lithium (Li) 1.0 mg/kg 18.11 10.31 9.30 36.70 56.95 16.29 3.56 11.70 23.10 21.88 -
Manganese (Mn) 0.27 mg/kg 117.94 60.75 64.75 232.40 51.51 164.54 64.45 88.22 287.79 39.17 -
Sodium (Na) 13 mg/kg 90.14 39.37 55.30 179.00 43.67 197.88 94.45 81.30 349.60 47.73 -
Phosphorus (P) 1.0 mg/kg 258.12 97.49 148.20 416.70 37.77 579.17 190.93 281.40 869.60 32.97 -
Strontium (Sr) 0.23 mg/kg 3.33 0.95 2.17 4.96 28.59 13.70 10.64 3.25 31.27 77.68 -
Titanium (Ti) 0.1 mg/kg 286.96 186.48 124.40 645.80 64.99 686.31 398.79 163.50 1240.30 58.11 -
Vanadium (V) 0.17 mg/kg 5.79 3.86 2.22 12.91 66.64 29.61 9.96 18.12 47.08 33.63 -
Zinc (Zn) 0.77 mg/kg 23.32 11.16 13.82 44.10 47.87 34.14 8.59 24.77 47.29 25.15 -

Metals in low concentrations

Arsenic (As) 0.57 mg/kg - - <LOQ 0.86 - 119.15 111.61 1.15 278.81 93.67 7
Boron (B) 0.67 mg/kg - - <LOQ 0.79 - <LOQ - <LOQ <LOQ - 17
Beryllium (Be) 0.07 mg/kg - - <LOQ 0.09 - 0.19 0.10 <LOQ 0.36 50.75 8
Cadmium (Cd) 0.1 mg/kg <LOQ - <LOQ <LOQ - - - <LOQ 0.30 - 16
Cerium (Ce) 1.0 mg/kg 2.27 1.39 1.10 5.80 61.21 6.84 2.23 2.00 8.80 32.52 -
Cobalt (Co) 0.17 mg/kg 0.78 0.48 0.33 1.61 61.51 3.59 1.62 1.80 7.11 44.97 -
Chromium (Cr) 0.17 mg/kg 0.42 0.27 <LOQ 0.90 63.77 6.96 4.28 2.03 12.81 61.43 1
Tin (Sn) 0.33 mg/kg 1.35 0.15 1.15 1.64 10.89 0.87 0.30 0.55 1.45 34.06 -
Molybdenum (Mo) 0.47 mg/kg <LOQ - <LOQ <LOQ - 2.78 2.39 <LOQ 6.38 86.03 11
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Table 2. Cont.

Soil Properties LOQ Unit
Llaca Gueshgue

N.S. < LOQ
Mean SD (σ) Min Max CV (%) Mean SD (σ) Min Max CV (%)

Nickel (Ni) 0.2 mg/kg - - <LOQ 0.50 - 3.53 1.81 1.20 7.10 51.26 5
Lead (Pb) 0.27 mg/kg 1.67 0.89 0.64 3.56 52.94 8.74 5.38 2.03 15.91 61.49 -
Thorium (Th) 0.67 mg/kg 0.82 0.58 <LOQ 1.76 70.44 1.29 0.90 <LOQ 2.94 69.67 6
Thallium (Tl) 1.3 mg/kg <LOQ - <LOQ <LOQ - 2.63 1.62 0.65 4.80 61.40 11
Uranium (U) 1.0 mg/kg 2.93 3.58 <LOQ 12.00 122.15 - - <LOQ 1.90 - 8
Tungsten (W) 0.67 mg/kg - - <LOQ 0.98 - - - <LOQ 1.86 - 12

Metals in undetectable concentrations in both deglaciated areas

Silver (Ag) 0.2 mg/kg - - - - - - - - - - 18
Mercury (Hg) 0.33 mg/kg - - - - - - - - - - 18
Antimony (Sb) 0.73 mg/kg - - - - - - - - - - 18
Selenium (Se) 1.3 mg/kg - - - - - - - - - - 18

Table 3. Descriptive summary statistics, including the mean, standard deviation (SD), minimum (min.), maximum (max.), and coefficient of variation (CV), for the
physicochemical properties of 24 water samples collected from the recently deglaciated areas of Llaca and Gueshgue. N.S. < LOQ: number of samples below limit
of quantification.

Water Properties LOQ Unit
Llaca Gueshgue

N.S. < LOQ
Mean SD (σ) Min Max CV (%) Mean SD (σ) Min Max CV (%)

Altitude - m a.s.l. 4492 17 4470 4525 0.39 4755 39 4682 4820 0.81 -
T - ◦C 4.17 2.20 1.00 9.10 52.68 6.32 0.94 5.00 7.50 14.89 -
pH - pH units 7.05 0.12 6.82 7.18 1.64 4.49 0.66 3.79 5.54 14.70 -
ORP - mV 317.41 25.87 246.90 338.50 8.15 367.11 68.29 237.80 472 18.60 -
EC - µS/cm 17.08 3.03 11 23 17.73 121.17 7.38 110 134 6.09 -
TDS - ppm 8.42 1.51 5 11 17.88 60.50 3.61 55 67 5.97 -
DO - mg/L 6.78 1.14 4.66 8.92 16.87 6.80 0.20 6.40 7.05 2.91 -
Chl-a 0.003 mg/L <LOQ - <LOQ <LOQ - <LOQ - <LOQ <LOQ - 24
TOC 0.1 mg/L 0.26 0.12 0.20 0.60 48.00 - - <LOQ 0.10 - 10
IC 0.1 mg/L 1.13 0.61 0.80 3 53.89 0.27 0.05 0.20 0.30 18.46 -
Turbidity 0.2 NTU 8.43 0.88 6.50 10.40 10.46 2.01 0.95 0.90 4.60 47.31 -

Inorganic anions

Chloride (Cl−) 0.050 mg/L 0.07 0.01 <LOQ 0.08 22.23 0.18 0.04 0.10 0.23 24.35 1
Fluoride (F−) 0.004 mg/L 0.150 0.024 0.111 0.189 16.05 0.046 0.021 0.017 0.082 46.07 -
Phosphate (PO4

3−) 0.037 mg/L <LOQ - <LOQ <LOQ - <LOQ - <LOQ <LOQ - 24
Phosphate-P
(PO4

3−-P) 0.012 mg/L <LOQ - <LOQ <LOQ - <LOQ - <LOQ <LOQ - 24

Nitrate (NO3
−) 0.062 mg/L 0.630 0.133 0.261 0.770 21.13 0.334 0.083 0.252 0.491 24.98 -

Nitrate-N (NO3
−-N) 0.014 mg/L 0.142 0.030 0.059 0.174 21.13 0.075 0.019 0.057 0.111 24.98 -
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Table 3. Cont.

Water Properties LOQ Unit
Llaca Gueshgue

N.S. < LOQ
Mean SD (σ) Min Max CV (%) Mean SD (σ) Min Max CV (%)

Nitrite (NO2
−) 0.007 mg/L <LOQ - <LOQ <LOQ - <LOQ - <LOQ <LOQ - 24

Nitrite-N (NO2
−-N) 0.002 mg/L <LOQ - <LOQ <LOQ - <LOQ - <LOQ <LOQ - 24

Sulfate (SO4
2−) 0.03 mg/L 2.11 0.38 1.34 2.53 17.80 37.79 5.69 29.21 48.33 15.06 -

Metals in higher concentrations

Aluminum (Al) 0.003 mg/L 2.205 0.698 0.530 2.948 31.64 1.250 0.510 0.440 1.930 40.80 -
Calcium (Ca) 0.09 mg/L 2.29 0.25 1.77 2.56 10.76 7.36 2.46 4.44 10.28 33.42 -
Iron (Fe) 0.0013 mg/L 1.982 0.728 0.574 3.025 36.72 0.317 0.202 0.131 0.801 63.72 -
Potassium (K) 0.13 mg/L 1.78 0.47 0.85 2.43 26.49 0.59 0.15 0.40 0.83 25.95 -
Magnesium (Mg) 0.003 mg/L 0.718 0.228 0.250 1.006 31.77 4.811 0.298 4.440 5.298 6.19 -
Silica (SiO2) 0.27 mg/L 13.62 5.17 2.54 20.50 37.94 4.69 0.80 3.57 5.98 17.09 -
Silicon (Si) 0.128 mg/L 6.366 2.42 1.187 9.58 37.94 2.193 0.375 1.668 2.795 17.08 -

Metals in moderate concentrations

Barium (Ba) 0.0003 mg/L 0.0162 0.0060 0.0038 0.0245 36.89 0.0103 0.0011 0.0087 0.0122 11.01 -
Copper (Cu) 0.00009 mg/L 0.00149 0.00050 0.00074 0.00216 33.75 0.00580 0.00212 0.00314 0.00950 36.60 -
Lithium (Li) 0.0003 mg/L 0.0131 0.0045 0.0035 0.0196 34.24 0.0078 0.0015 0.0052 0.0096 19.71 -
Manganese (Mn) 0.00010 mg/L 0.0673 0.0241 0.0202 0.0974 35.87 0.2861 0.0237 0.2487 0.3430 8.29 -
Sodium (Na) 0.019 mg/L 0.837 0.242 0.247 1.085 28.88 0.531 0.120 0.355 0.672 22.63 -
Strontium (Sr) 0.0006 mg/L 0.0152 0.0026 0.0090 0.0182 17.05 0.0381 0.0132 0.0226 0.0530 34.51 -
Titanium (Ti) 0.0006 mg/L 0.0835 0.0841 0.0009 0.2457 100.70 0.0090 0.0069 0.0008 0.0189 76.29 -
Zinc (Zn) 0.0026 mg/L 0.0144 0.0055 0.0013 0.0209 37.96 0.0213 0.0031 0.0136 0.0264 14.55 -

Metals in low concentrations

Antimony (Sb) 0.00013 mg/L 0.0005 0.0001 0.0003 0.0006 17.4 <LOQ - <LOQ <LOQ - 12
Arsenic (As) 0.00010 mg/L <LOQ - <LOQ <LOQ - - - <LOQ 0.0017 - 18
Beryllium (Be) 0.00006 mg/L <LOQ - <LOQ <LOQ - 0.00014 0.00003 0.00009 0.00018 22.34 12
Cadmium (Cd) 0.00003 mg/L <LOQ - <LOQ <LOQ - 0.00030 0.00018 0.00016 0.00086 60.64 12
Cerium (Ce) 0.00024 mg/L 0.00121 0.00048 <LOQ 0.00185 40.23 0.00043 0.00010 0.00028 0.00066 22.26 1
Cobalt (Co) 0.00003 mg/L 0.00043 0.00016 0.00015 0.00063 37.02 0.01179 0.00346 0.00669 0.01613 29.36 -
Chromium (Cr) 0.0003 mg/L - - <LOQ 0.0031 - - - <LOQ 0.0403 - 19
Cesium (Cs) 0.0003 mg/L 0.0015 0.0005 0.0005 0.0022 35.77 <LOQ - <LOQ <LOQ - 12
Tin (Sn) 0.00010 mg/L - - <LOQ 0.00025 - - - <LOQ 0.00013 - 21
Gallium Ga) 0.00012 mg/L 0.0014 0.0004 0.0004 0.0018 30.06 0.00020 0.00003 0.00016 0.00026 16.19 -
Molybdenum (Mo) 0.00006 mg/L 0.0022 0.0006 0.0005 0.0027 27.08 - - <LOQ 0.00081 - 6
Nickel (Ni) 0.0006 mg/L <LOQ - <LOQ <LOQ - 0.0158 0.0039 0.0093 0.0201 24.72 12
Lead (Pb) 0.0006 mg/L <LOQ - <LOQ <LOQ - - - <LOQ 0.0007 - 23
Rubidium (Rb) 0.0009 mg/L 0.0161 0.0051 0.0052 0.0215 31.61 0.0016 0.0005 0.0010 0.0023 31.01 -
Uranium (U) 0.000010 mg/L 0.0063 0.0019 0.0016 0.0099 29.79 0.0002 0.0002 <LOQ 0.00035 75.78 3
Vanadium (V) 0.0003 mg/L <LOQ - <LOQ <LOQ - - - <LOQ 0.0008 - 22
Ytterbium (Yb) 0.00006 mg/L - - <LOQ 0.00006 - - - <LOQ 0.00009 - 21
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Table 3. Cont.

Water Properties LOQ Unit
Llaca Gueshgue

N.S. < LOQ
Mean SD (σ) Min Max CV (%) Mean SD (σ) Min Max CV (%)

Metals in undetectable concentrations in both deglaciated areas

Bismuth (Bi) 0.00003 mg/L - - - - - - - - - - 24
Boron (B) 0.006 mg/L - - - - - - - - - - 24
Phosphorus (P) 0.047 mg/L - - - - - - - - - - 24
Germanium (Ge) 0.0006 mg/L - - - - - - - - - - 24
Hafnium (Hf) 0.00015 mg/L - - - - - - - - - - 24
Lanthanum (La) 0.0015 mg/L - - - - - - - - - - 24
Lutetium (Lu) 0.00006 mg/L - - - - - - - - - - 24
Mercury (Hg) 0.00009 mg/L - - - - - - - - - - 24
Niobium (Nb) 0.0015 mg/L - - - - - - - - - - 24
Silver (Ag) 0.000010 mg/L - - - - - - - - - - 24
Selenium (Se) 0.0013 mg/L - - - - - - - - - - 24
Thallium (Tl) 0.00006 mg/L - - - - - - - - - - 24
Tantalum (Ta) 0.0021 mg/L - - - - - - - - - - 24
Tellurium (Te) 0.003 mg/L - - - - - - - - - - 24
Thorium (Th) 0.00019 mg/L - - - - - - - - - - 24
Tungsten (W) 0.0006 mg/L - - - - - - - - - - 24
Zirconium (Zr) 0.00045 mg/L - - - - - - - - - - 24
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3. Results
3.1. Characterization of Soil Physicochemical Properties

A total of 18 soil samples from the proglacial ecosystems of Llaca and Gueshgue were
analyzed. The summary of the descriptive statistics of the soil physicochemical properties
analyzed is presented in Table 2.

A total of 59 soil physicochemical parameters were analyzed, of which seven (~12%)
showed values below the quantification limit in both study areas and at all sampling points:
TKN, NO2

−, NO2
−-N, Ag, Hg, Sb, and Se. Other parameters showed low detectability,

with approximately 75% of the sampling points below the QL, including OM, As, B, Be,
and W in Llaca, and OM and Cd in Gueshgue. In Gueshgue, Fe and SiO2 concentrations
were very high and exceeded the upper quantification limit of the method in at least 30%
of the sampling points. For OM, only 3 of the 18 analyzed samples showed quantifiable
concentrations: two samples from Llaca (Lla.SP1 and Lla.SP2), with values of 2.1% and
0.69%, respectively, corresponding to the points closest to the 1970 glacier boundary; and
one sample from Gueshgue (Gue.SP2), with a value of 1%, corresponding to the area closest
to the 1984 glacier boundary.

While Table 2 provides the complete numerical summary of the analyzed soil prop-
erties, Figure 2 complements these data by showing the distribution, central tendency,
dispersion, and individual observations of the common quantifiable parameters be-
tween the two glacier retreat areas, together with the statistical significance (p) of the
between-area comparisons.

Elevations in the study areas were homogeneous (CV < 1%), ranging from 4474 to
4528 m in Llaca and from 4697 to 4786 m in Gueshgue, with the latter exhibiting a much
higher mean elevation (4740 ± 25 m). Regarding slope, both glacier retreat areas showed
moderate mean slopes (~14◦); however, the terrain was highly irregular (CV > 80%). Soil
temperature at 5 cm depth (T5cm) was significantly higher in Llaca (14.42 ± 2.42 ◦C),
whereas Gueshgue showed a greater thermal range and variability (CV > 60%), associated
with its higher elevation.

Soils from both areas showed relatively neutral to slightly acidic values, with a mean
pHw of 6.96 ± 0.15 in Llaca and 6.53 ± 1.23 in Gueshgue. Values ranged from 6.64 to
7.09 in Llaca and from 3.34 to 7.26 in Gueshgue, showing a relatively uniform pattern
across the glacier retreat area, except for point Gue.SP9, which exhibited a strongly acidic
value of 3.34 and corresponded to the sampling point closest to the 2025 glacierized area.
Electrical conductivity (EC) was higher in Gueshgue (772.22 ± 372.26 µS/cm) than in Llaca
(501.33 ± 163.11 µS/cm), with greater variability among Gueshgue sampling points due
to the high EC recorded at Gue.SP9 (1481 µS/cm). On average, soil humidity (h) was low
(<11%) in both areas, falling within the permanent wilting point range at most sampling
points and showing high overall data dispersion (CV > 35%). Bulk density (ρb) showed
mean values of 1.52 ± 0.12 g/cm3 in Llaca and 1.67 ± 0.29 g/cm3 in Gueshgue, with the
latter presenting more compact soils, reaching up to 2.18 g/cm3 at Gue.SP8. No statistically
significant differences were observed between the two study areas for these parameters.

Soil granulometry and texture showed that fragments >2.00 mm exhibited high vari-
ability among sampling points (CV > 30%), accounting for 1.78% to 55.29% of soil composi-
tion. In contrast, fragments <2.00 mm showed moderate variability (CV < 16%) and were
predominant in the soils, with mean values of 85.1 ± 8.70% in Llaca and 67.12 ± 10.48% in
Gueshgue. Within this particle-size fraction, only clay content differed statistically between
the two areas. Llaca was characterized, on average, by high sand content (~76.18%), mod-
erate silt content (~23.40%), and very low clay content; only point Lla.SP4 showed a clay
content of 3.81%, whereas the remaining points had 0.01%. In contrast, Gueshgue showed
moderate sand (~57.21%) and silt (~36.81%) contents, with low clay content (~5.99%). The
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highest sand contents (>95%) were recorded at Lla.SP9 and Gue.SP9, which were located
near the current glacier margins. However, no systematic distance-based gradient was
evaluated in this study.

 

Figure 2. Boxplots showing the distribution and between-area comparison of selected common quan-
tifiable soil physicochemical properties in Llaca and Gueshgue. Individual observations, medians,
interquartile ranges, and data dispersion are shown. Gray corresponds to the Llaca glacier retreat
area and blue to Gueshgue. The p-values indicate the statistical significance of the corresponding
Student’s t-test or Mann–Whitney U test.

Among the inorganic anions, SO4
2− was predominant in both areas, with particularly

high concentrations in Gueshgue, reaching up to 1313.50 mg/kg at Gue.SP9. Gueshgue
showed a significantly higher mean concentration (359.10 ± 442.01 mg/kg) than Llaca
(15.21 ± 8.50 mg/kg). NO2

− was absent, whereas NO3
− showed higher and more variable

concentrations in Gueshgue, reaching up to 30.47 mg/kg at Gue.SP3. In contrast, Cl−

and F− exhibited relatively moderate concentrations for this type of proglacial ecosystem,
ranging from 0.40 to 9.03 mg/kg. In Gueshgue, PO4

3− concentrations were below the
quantification limit, whereas in Llaca, concentrations of up to 6.63 mg/kg were detected
at Lla.SP2, with a mean value of 1.86 ± 2.10 mg/kg. However, the two sampling points
closest to the glacier had no quantifiable values. No statistically significant differences were
found between the study areas for NO3

−, Cl−, and F−.
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Soil elemental composition was dominated by Fe, Al, SiO2, Mg, K, and Ca in both
areas. The mean concentrations of these elements were higher in Gueshgue than in Llaca,
ranging from 24% to 74% higher, and showed significant differences between the two study
areas, except for Ca. In particular, Fe was the most abundant element, with Gueshgue
showing the highest values, including concentrations >20,000 mg/kg at five sampling
points and a minimum value of 9255.30 mg/kg at Gue.SP4. Elements occurring at lower
concentrations, which also differed significantly between areas, including Ba, Cu, Na, P,
Sr, Ti, V, and Zn. For these elements, Gueshgue again showed higher mean concentra-
tions, ranging from 28% to 81% higher, except for Li. Trace elements generally occurred
at low concentrations in both areas, reaching up to 12.00 mg/kg of U in Llaca and up to
15.91 mg/kg of Pb in Gueshgue. However, As in Gueshgue was an exception, show-
ing markedly elevated concentrations and exceeding 200 mg/kg at Gue.SP6, Gue.SP7,
and Gue.SP8.

3.2. Multivariate Analysis of Soil Physicochemical Properties

PCA applied to the selected soil physicochemical properties explained 81.4% of the
total variance in the first two principal components (Figure 3a). PC1 explained 53.8% of the
variance and revealed a clear differentiation between the study areas, placing the Gueshgue
samples in the positive sector and the Llaca samples in the negative sector. This component
was defined by Fe (21.7%), Al (19.7%), Cu (17.6%), and SiO2 (10.9%), which showed strong
positive correlations with one another (Figure 3b). In contrast, PC2 explained 27.6% of the
variance and was associated with pH (30.1%), Ti (25.1%), and SO4

2− (22.2%), contributing
to the internal variability of the samples. A strong negative correlation was also observed
between pHw and SO4

2− concentration, as well as with most metals, including Fe, Al, Ti,
and Cu. The PCA revealed a clear geochemical differentiation between the two study areas,
consistent with the PERMANOVA results (p < 0.05). Gueshgue samples were associated
with higher concentrations of metallic elements, as described by PC1, and also showed
elevated EC and SO4

2− values. In contrast, Llaca samples tended to be associated with
higher pHw values (Figure 3b).

 

Figure 3. Principal Component Analysis (PCA) of soil physicochemical properties in the study areas.
(a) Score plot (biplot) showing the distribution of Llaca and Gueshgue samples; (b) correlation circle
of the environmental variables and their quality of representation (cos2) in the component space.
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Hierarchical clustering of soil samples identified three main groups at a dissimilarity
level of approximately 10 among sampling points and approximately 20 between the
study areas (Figure 4). The statistical significance of these groupings was evaluated using
PERMANOVA, which showed significant differences among the defined groups (R2 = 0.56,
pseudo-F = 9.43, p = 0.001).

Figure 4. Hierarchical clustering dendrogram of soil samples from Llaca and Gueshgue. Background
shading highlights the three main groups identified at the selected dissimilarity level. Llaca samples
form a distinct group, whereas Gueshgue samples are subdivided into two internal groups that are
consistent with the contrasting lithological setting of the area: a sector associated with the Cordillera
Blanca Batholith and a sector influenced by the Chicama Group–Tinajones Formation.

The first group comprised all Llaca samples, indicating a relatively homogeneous soil
geochemical pattern within this glacier retreat area. In contrast, Gueshgue samples were
divided into two internal subgroups. The first subgroup, composed of Gue.SP2, Gue.SP4,
Gue.SP3, and Gue.SP5, is spatially associated with the sector dominated by granodioritic–
tonalitic lithologies of the Cordillera Blanca Batholith. The second subgroup, composed of
Gue.SP9, Gue.SP7, Gue.SP8, Gue.SP1, and Gue.SP6, is associated with the sector influenced
by sedimentary rocks of the Chicama Group–Tinajones Formation. This internal subdivision
suggests that the greater geochemical heterogeneity observed in Gueshgue may be partly
related to its more complex lithological setting, although direct mineralogical analyses were
not performed in this study.

Figure 5 summarizes the Spearman correlations among the soil physicochemical
properties measured in Llaca and Gueshgue. The analysis identified groups of covarying
variables, with the strongest positive associations occurring among several major and trace
elements. These correlation structures are used here as an exploratory tool to identify
shared geochemical patterns rather than to infer spatial or temporal gradients within the
glacier retreat areas.

Group 1: Major and trace element associations. This is the largest group and shows
very strong positive correlations, indicated by dark red colors and statistical significance,
including both metallic and non-metallic chemical elements: Mg, V, Al, Cr, Fe, Cu, Ba, Co,
P, Sr, Ce, Ti, Mn, K, SiO2, Zn, and Li. The extremely high correlations among these elements
(rs > 0.8) reflect a common origin associated with the weathering of primary parent rock, or
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local lithology, where structural elements such as SiO2, Al, and Fe are mobilized together
with trace elements contained in silicate minerals. The significant presence of P within this
block indicates that, during early soil-development stages, this element is predominantly
of mineral and apatite origin and is strongly correlated with the abundance of structural
components from recently exposed bedrock.

 
Figure 5. Spearman correlation heatmap with hierarchical clustering of soil physicochemical proper-
ties. Colors indicate the strength and direction of the correlations, and asterisks (*) denote statistically
significant relationships. The dendrogram groups variables according to similarities in their correla-
tion patterns and is used as an exploratory visualization of covariation.

Group 2: Associations among mobile ions and EC. This group shows moderate to
strong correlations (rs = 0.4–0.8) and includes Pb, SO4

2−, Na, EC, and Cl−. The strong posi-
tive correlation among Na, Cl−, and EC indicates that these ions are the main contributors
to the detected salinity. The inclusion of SO4

2− and Pb suggests that the source of these
mobile ions may be related to the oxidation of sulfide minerals.

Group3: Other physicochemical associations. This block shows the relationships
needed to understand the physicochemical elements associated with F−, Ca, NO3

−, pHw,
Sn, and T5cm. The positive correlation between pHw and nitrates is commonly attributed
to the fact that neutral pH conditions favor the activity of nitrifying bacteria. In contrast,
T5cm was significantly and negatively correlated with several elements, indicating that soil
thermal conditions covary with part of the observed geochemical structure.

Overall, h, ρb, F−, NO3
−, and pHw do not appear to be statistically relevant variables

for explaining the relationships of change among the physicochemical parameters analyzed
in Llaca and Gueshgue. However, the spatial and temporal drivers underlying these
associations were not directly evaluated in the present analysis.
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3.3. Characterization of Water Physicochemical Properties

A total of 24 water samples from lakes and watercourses in the areas recently exposed
by glacier retreat in Llaca and Gueshgue were analyzed. A summary of the descriptive
statistics of the analyzed water physicochemical properties is presented in Table 3.

A total of 70 water physicochemical parameters were analyzed, of which 22 (~31%)
showed values below the quantification limit in both study areas and at all sampling points.
These parameters were Chl-a, PO4

3−, PO4
3−-P, NO2

−, NO2
−-N, Bi, B, P, Ge, Hf, La, Lu, Hg,

Nb, Ag, Se, Tl, Ta, Te, Th, W, and Zr. In addition, some parameters showed low detectability,
with approximately 75% of the sampling points below the quantification limit, including
Sn and Yb in Llaca, and TOC, Cr, Sn, Pb, V, and Yb in Gueshgue.

While Table 3 provides the complete numerical summary of the analyzed water proper-
ties, Figure 6 complements these data by showing the distributions, individual observations,
within-area variability, and between-area statistical comparisons of the common quantifi-
able physicochemical parameters. All parameters shown differed significantly between
Llaca and Gueshgue, except dissolved oxygen (DO).

 

Figure 6. Boxplots showing the distribution and between-area comparison of selected common quan-
tifiable water physicochemical properties in Llaca and Gueshgue. Individual observations, medians,
interquartile ranges, and data dispersion are shown. Gray corresponds to the Llaca glacier retreat
area and blue to Gueshgue. The p-values indicate the statistical significance of the corresponding
Student’s t-test or Mann–Whitney U test.
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Elevations within each study area were homogeneous (CV < 1%), ranging from
4470 to 4525 m in Llaca and from 4682 to 4820 m in Gueshgue, with the latter show-
ing a much higher mean elevation (4755 ± 39 m). Regarding water temperature (T), very
cold waters were recorded, with the mean temperature in Llaca (4.17 ± 2.20 ◦C) being
lower than that in Gueshgue (6.32 ± 0.94 ◦C). In both cases, the proglacial lakes showed
the lowest point temperatures, reaching up to 1.0 ◦C.

In contrast, pH showed markedly differentiated patterns between the two study areas.
Gueshgue was characterized by moderately to slightly acidic conditions, with a mean pH
of 4.49 ± 0.66 and values ranging from 3.79 to 5.54. This contrasted with Llaca, where
neutral pH conditions were recorded, with a mean value of 7.05 ± 0.12 and a range of
6.82 to 7.18. The acidity observed in Gueshgue coincided with high ORP values,
reaching up to 472.0 mV at Gue.AP6, and significantly higher EC and TDS values
(121.17 ± 7.38 µS/cm and 60.50 ± 3.61 ppm, respectively). In comparison, Llaca showed a
mean ORP of 317.41 ± 25.87 mV, EC of 17.08 ± 3.03 µS/cm, and TDS values ranging from
5 to 11 ppm. The DO showed considerable concentrations in both study areas (>6 mg/L),
except at point Lla.AP8 (4.66 mg/L) in Llaca, which was sampled in a small, very shallow
water body with limited flow.

Chl-a was absent, and carbon concentrations were very low, which is consistent
with this type of proglacial ecosystem that is still undergoing formation. IC generally
showed higher concentrations, with the highest values recorded at the points closest to the
2025 glacierized area (3 mg/L, Lla.AP10). In the case of TOC, the detected concentra-
tions were notably low; Llaca was characterized by higher concentrations, ranging from
0.2 to 0.6 mg/L, compared with Gueshgue, where only two points, Gue.AP7 and Gue.AP12,
showed detectable concentrations (0.1 mg/L). Turbidity values were generally low, with the
water bodies in Llaca being more turbid (8.43 ± 0.88 NTU), associated with the movement
dynamics of its slopes and lakes, compared with the hydrological stability observed in
Gueshgue (2.01 ± 0.95 NTU), although the latter showed high variability among sampling
points (CV > 47%).

The inorganic anion profile revealed that, as in the soils, SO4
2− was the dominant ion

in the lakes of Llaca and Gueshgue. In the water bodies of Gueshgue, SO4
2− showed a mean

concentration of 37.79 ± 5.69 mg/L, with values reaching up to 48.33 mg/L at Gue.AP12.
In contrast, the mean concentration in Llaca was 2.11 ± 0.38 mg/L, approximately 18 times
lower than that recorded in Gueshgue. For NO3

− and F−, Llaca showed higher mean
concentrations than Gueshgue, approximately twofold and fourfold higher, respectively.
Cl− showed very low concentrations in Llaca (0.07 ± 0.01 mg/L) and higher concentrations
in Gueshgue (0.18 ± 0.04 mg/L), although both remained within concentration ranges
typical of this type of environment.

The elemental composition of water, expressed as total metals, was dominated by Si,
Al, Ca, Mg, Fe, and K in both study areas. The mean concentrations of these elements
were higher in Llaca than in Gueshgue, ranging from 76% to 525% higher, except for
Ca and Mg, which were 69% and 85% higher in Gueshgue, respectively. In Llaca, the
metal with the highest mean concentration was Si (6.366 ± 2.42 mg/L), followed by Ca
(2.29 ± 0.25 mg/L). In contrast, Ca dominated in Gueshgue (7.36 ± 2.46 mg/L), followed by
Mg (4.811 ± 0.298 mg/L). The presence of Fe and Al in both study areas can be considered
relevant; in Llaca, Fe ranged from 0.574 to 3.025 mg/L and Al from 0.530 to 2.948 mg/L,
whereas in Gueshgue, Fe ranged from 0.131 to 0.801 mg/L and Al from 0.440 to 1.930 mg/L.

Elements occurring at moderate concentrations included Ba, Cu, Li, Mn, Na, Sr, Ti,
and Zn. In these cases, Gueshgue showed higher concentrations of Cu, Mn, Sr, and Zn,
ranging from 32% to 77% higher, whereas Llaca showed higher concentrations of Ba, Li,
Na, and Ti, ranging from 56% to 826% higher. Trace elements generally occurred at low
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concentrations in both areas (<0.02 mg/L), with Rb in Llaca standing out at 0.0215 mg/L at
point Lla.AP11, and Cr in Gueshgue at 0.04 mg/L at point Gue.AP10, which was the only
sampling point where Cr was detectable.

3.4. Multivariate Analysis of Water Physicochemical Properties

PCA applied to 18 physicochemical properties of the water bodies explained 84.8%
of the cumulative total variance in the first two principal components, revealing a clearly
defined hydrochemical spatial segregation between the two study areas (Figure 7).

 

Figure 7. Principal Component Analysis (PCA) of water physicochemical properties in the study areas.
(a) Score plot (biplot) showing the distribution of Llaca and Gueshgue samples; (b) correlation circle of
the environmental variables and their quality of representation (cos2) in the component space.

PC1 explained 73.3% of the variance and was mainly influenced by U (7.2%), EC (7.1%),
turbidity (7.1%), K (6.8%), SO4

2− (6.8%), Mg (6.8%), and Fe (6.7%). A clear differentiation
between the study areas was observed, with Gueshgue samples located in the negative
sector and associated with high EC levels and elevated concentrations of Mg, Mn, Co,
Cu, and SO4

2−. In contrast, Llaca samples were mainly positioned toward the positive
sector and were related to higher concentrations of Al, Li, Ba, SiO2, Fe, K, and U. PC2
explained 11.5% of the variance and was driven by a metal-loading gradient, with the
main contributions from Al (16.9%), Li (15.7%), Cu (12.8%), and Ba (11.3%). Unlike the
pattern observed in soils, Gueshgue showed greater homogeneity in its water bodies,
whereas Llaca exhibited marked internal heterogeneity. The PCA revealed a differentiated
hydrochemistry between the two study areas, which was statistically significant (p < 0.05)
according to the PERMANOVA analysis.

Hierarchical clustering of the water samples identified four main groups at a dissimi-
larity level of approximately 7 among sampling points and approximately 30 between the
two study areas (Figure 8). The statistical significance of these groupings, evaluated using
PERMANOVA, showed differences among the defined groups (R2 = 0.86, pseudo-F = 40.67,
p = 0.001).

In Gueshgue, the samples were divided into two subgroups that broadly reflect
differences in hydrological setting and connectivity. The first subgroup included sam-
ples mainly associated with stream-influenced sectors and Lake 1376982-8, whereas the
second subgroup was associated with Lake 1376982-5 and the stream connecting this
lake to the proglacial lake. In Llaca, the samples were also divided into two subgroups.
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One subgroup was associated with the upper and more dynamic lakes, which are influ-
enced by glacier proximity, debris-covered ice, and/or contact with ice-marginal condi-
tions. The other subgroup was mainly associated with the older and more stable Lake
1376958-3, although Lla.AP8 formed a distinct branch, consistent with its occurrence in
a small, shallow water body with limited flow and distinct physicochemical conditions.
These subdivisions suggest that, within each glacier retreat area, water geochemistry is
influenced by local hydrological connectivity, lake stability, and ice/sediment interaction
rather than by a single homogeneous lake-water signal.

 

Figure 8. Hierarchical clustering dendrogram of water samples from Llaca and Gueshgue. Back-
ground shading highlights the four main groups identified at the selected dissimilarity level. Samples
from each study area form separate broad clusters, with additional within-area subdivisions that are
consistent with differences in lake stability, hydrological connectivity, and glacier/sediment influence.

Figure 9 summarizes the Spearman correlations among the water physicochemical
properties measured in Llaca and Gueshgue. The analysis revealed two broad groups of
covarying variables characterized by predominantly positive within-group correlations and
negative correlations between groups. These correlation structures provide an exploratory
representation of the contrasting hydrochemical patterns observed across the two study
areas and should not be interpreted as evidence of proportional or causal relationships
among variables.

Group 1: Associations among turbidity, major elements, and silicate-related variables.
This group includes Ce, Ba, Na, NO3

−, Li, SiO2, Al, Fe, Rb, K, U, IC, Ga, turbidity, F−, pH,
and Ti. Strong positive correlations were observed between turbidity and IC, SiO2, Al, and
Fe (rs > 0.70), indicating that these variables covary within the analyzed water samples.
This pattern is consistent with the influence of mineral particles and fine glacial sediments
derived from physical erosion and water–rock interaction, although sediment sources and
transport pathways were not directly quantified in this study. The associations of K, Rb,
SiO2, and other lithogenic elements may also reflect inputs from silicate-bearing materials
within the local geological setting.

Group 2: Associations among EC, SO4
2−, ORP, and metal-related variables. This

group includes ORP, EC, Zn, Mn, Mg, Sr, Cl−, Ca, SO4
2−, Co, and Cu. The strong positive
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correlation between EC and SO4
2− (rs = 0.79) indicates that sulfate covaries closely with the

greater ionic content observed in the more mineralized waters. Likewise, the associations
of ORP with Co, Cu, Mn, and other elements are consistent with oxidizing geochemical
conditions and possible oxidative weathering of sulfide-bearing materials. However, the
specific mineral phases and redox-controlled mobilization mechanisms were not directly
determined. The associations of Ca and Mg may reflect contributions from weathering of
local lithological materials and possible buffering reactions within the catchment.

 
Figure 9. Spearman correlation heatmap with hierarchical clustering of water physicochemical
properties. Colors indicate the strength and direction of the correlations, and asterisks (*) denote
statistically significant relationships. The dendrogram groups variables according to similarities in
their correlation patterns and is used as an exploratory visualization of covariation.

4. Discussion
4.1. Geochemical Patterns of Proglacial Soils

A total of 59 parameters were analyzed to comprehensively evaluate the physico-
chemical characteristics of proglacial soils within the glacier retreat period from 1970/1984
to 2025, considering that these properties play a fundamental role in soil evolution and
influence the behavior of the overall system.

The results show that the soils of Llaca and Gueshgue exhibit physicochemical char-
acteristics consistent with young proglacial environments [27,41], including low nutrient
and organic matter contents, marked geochemical variability, and elevated concentrations
of some potentially toxic elements [41,67,68]. Previous studies have shown that soil devel-
opment following deglaciation can be relatively slow and that young proglacial soils are
often characterized by low nutrient availability [27,41]. The time elapsed since glacier-front
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retreat is the main driver of soil development [69], although geomorphological processes
and rapid climate change are also considered key conditioning [35,70].

Very few local studies have characterized in detail the physical and chemical com-
position of proglacial soils. As demonstrated in this study, each parameter may exhibit
a distinct behavioral pattern in each area. Slope is considered one of the critical physical
factors in our study areas, given its high variability, with flat, gentle, and moderate slopes
ranging from 1◦ to 35◦. This variability may act as either an accelerator or a decelerator of
the geochemical and geomorphological processes occurring in these environments [31,71].
Regarding temperature, the soils are cold, reaching values as low as 1 ◦C, but tend to
improve their heat-retention capacity across the study area [67]. In terms of pH, Gueshgue
showed acidification trends at the sampling points closest to the glacier, indicating active
sulfide and Fe oxidation [29]. In contrast, Llaca appears to be evolving toward a more
basic system, consistent with a chemically stable young proglacial soil. In both cases,
however, pH tends to decrease over time [34,41,72,73]. The high EC levels, regardless of
pH, suggest that they are mainly controlled by weathering processes associated primarily
with increased Na and SO4

2− concentrations (rs = ~0.6) [74,75].
Within the study areas, some physical factors, such as h, ρb, granulometry and texture,

and chemical parameters, such as Cl−, F−, Ca, NO3
−, and pHw, may not be consid-

ered relevant for explaining the behavior of the parameters studied, given their weak
and statistically non-significant relationships, in contrast to findings reported in other
studies [27,36,41]. However, the high concentration of SO4

2−, particularly in Gueshgue
(~359.10 mg/kg), and their associations with several major and trace elements (Mg, V, Al,
Cr, Fe, Cu, Ba, Co, Sr, Ce, Zn, and Pb; rs = 0.51–0.85), are consistent with the oxidative
weathering of sulfide-bearing materials and the mobilization of associated elements. How-
ever, the specific sulfide mineral phases responsible for these geochemical patterns were
not directly identified in this study.

Nitrogen and organic matter are key constraints on early ecosystem development in
recently deglaciated soils [40]. In this study, all or most values were below the quantification
limit (0.05% and 0.22%, respectively), conditioning the interconnection among several of
the parameters analyzed. These elements showed very low concentrations, even lower than
those reported in other studies of young proglacial soils in the Andes, such as Artesonraju,
Uruashraju, Yanamarey, Broggi, Charquini, and Zongo [40,42,76]. Therefore, future studies
are recommended to use more sensitive methods that allow lower concentrations to be
quantified in this type of ecosystem [34,42].

The elemental composition of the soils is consistent with inputs from the local litho-
logical setting, particularly the granodioritic, monzogranitic, and tonalitic rocks of the
Cordillera Blanca Batholith, as well as locally associated sedimentary units [77]. These
lithologies can contribute to the observed concentrations of Al, Ca, Fe, K, Mg, Ti, and SiO2,
similar to patterns reported for other proglacial soils in the Cordillera Blanca [41]. They
may also contain relatively unusual elements, such as U, Tl, and Th, which also derive
from the mineralogy of the parent material. For example, U is frequently found in minerals
such as uraninite and torbernite, which are common in granitic geological formations in
high-mountain environments [41,78]. In the case of P, the high concentrations recorded,
reaching up to 869.60 mg/kg, indicate that it remains trapped in mineral and apatite forms
as primary minerals [36]. Among trace elements, the high concentrations of Cr, reaching
up to 12.81 mg/kg, stand out and are associated with the weathering of Cr-rich minerals
and the release of minerals previously trapped in glaciers [79]. Similarly, As, reaching up
to 278.81 mg/kg, appears to be strongly influenced by sulfide-rich sedimentary rocks of
the Chicama Group–Tinajones Formation [44,77].
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4.2. Geochemical Patterns of Glacier-Fed Water Bodies

A total of 70 parameters were analyzed to comprehensively evaluate the physico-
chemical characteristics of the water bodies present in deglaciated areas from 1970/1984
to 2025. These characteristics of the upper catchment areas often influence the behavior
of the entire system and, in many cases, may generate social and environmental conflicts
downstream [4,22].

Glacier retreat is driving the expansion of water bodies, establishing new ecosystems
that require further study and pose numerous analytical challenges [4,80]. In this context,
and in association with climate change, the dissolution of geological substrates is altering
the physicochemical properties of water bodies in the Andes [81,82]. In many cases, the
physical and chemical properties of these waters were previously assumed to remain
constant over time, and little was known about their natural evolution [83]. However,
this set of characteristics is being conditioned by rock debris and fine abrasion-derived
sediments, or glacial rock flour [84], which are transported by glacier dynamics and lateral
moraine processes [85].

In our study, the dynamics of the water bodies differed between the two areas.
Gueshgue contains hydrologically stable lakes, including a proglacial lake that had been
continuously expanding since 2007 but is now in the terminal phase of growth, which will
likely influence its future physicochemical properties. In contrast, Llaca contains two lakes
that are still undergoing stabilization and exhibit high dynamism due to steep slopes and
poorly consolidated hillsides. In addition, the proglacial lake shows fragility in its lakebed,
which has driven changes in its size, volume, and fragmentation since 2020 [15]. The young
age of these ecosystems, together with other factors such as sediment exposure time and
microhydrological conditions, may play a more decisive role and could explain these differ-
ences [80,86]. Likewise, during the deglaciation process, elements previously accumulated
within glacier ice are being released into these newly forming water bodies [87,88], which
remains an issue requiring further study.

Regarding the results, field parameters such as T, pH, ORP, EC, TDS, and DO reflect
the conditions at the time of sampling and can provide insight into how the water body
develops through continuous monitoring. Llaca and Gueshgue exhibit both similar and
contrasting characteristics. The low water temperatures recorded, ranging from 1 to
9 ◦C, are typical of meltwater from high-Andean environments, particularly proglacial
lakes [89,90]. The measured pH and EC showed good statistical correlations (rs > 0.5) with
the other physicochemical properties and also differed significantly between the two study
areas. Gueshgue is characterized by acidic pH values, ranging from 3.79 to 5.54, which
represents a geochemical warning signal and indicates the development of conditions
consistent with natural acid rock drainage (ARD), likely associated with the oxidative
weathering of sulfide-bearing materials and the release of acidity and sulfate [23,43,91,92].
In contrast, Llaca exhibits neutral conditions, with pH values ranging from 6.82 to 7.18,
indicating a high buffering capacity of the surrounding environment. The high ORP in
Gueshgue may indicate that most heavy metals, such as Fe, Al, Mn, Cr, and Cu, remain in
soluble ionic forms. In Llaca, although oxidized minerals may be present due to high ORP,
the alkaline pH would act as a geochemical barrier [93].

EC and TDS levels were within the typical ranges associated with weathering and
water–rock interaction. Llaca falls within the range of relatively pure meltwater, with EC
values between 11 and 23 µS/cm, whereas Gueshgue shows moderate values, ranging from
110 to 134 µS/cm. Dissolved oxygen concentrations were optimal and even high, reaching
up to 8.92 mg/L in Llaca, as gases such as oxygen are more soluble at low temperatures [94].
However, these conditions are also favorable for the continued generation of ARD, since
oxygen is the main reactant involved in sulfide weathering [91,95]. The non-detectable Chl-a
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levels indicate an ultra-oligotrophic system, characterized by highly transparent, extremely
cold, and nutrient-poor waters, which limits algal development [96–99]. Turbidity in
Gueshgue was very low (<5 NTU), reflecting its hydrological stability, whereas Llaca
showed higher turbidity values, reaching up to 10.40 NTU, associated with slope dynamics
and the input of glacial rock flour.

Carbon pools provide information on biological activity, organic matter inputs, and
water–rock interactions within glacier-fed aquatic systems. The behavior and low concen-
tration of IC (<3 mg/L) suggest, in both areas, a strong influence of carbonate dissolution
processes associated with the geochemical composition of sediments and glacier-melt pro-
cesses [100,101] rather than biological activity. Regarding TOC, concentrations were very
low at most sampling points (<0.2 mg/L), with a maximum value of 0.6 mg/L at Lla.AP8.
This pattern is characteristic of recently exposed glacier-fed ecosystems, where low biolog-
ical productivity is driven by factors such as sparse vegetation cover, poorly developed
soils, and short water residence times [86,89,102]. In Gueshgue, the extremely low carbon
levels may indicate carbon depletion due to its reaction in neutralizing the ongoing ARD
process, which could create a future risk of complete loss of buffering capacity. The carbon
concentrations obtained in this study were lower than those reported in other studies from
the Cordillera Blanca [102] and Greenland [103,104], but similar to those reported in Iceland
and Canada [105,106].

Regarding anions, this is the first report analyzing Cl− and F− in Gueshgue, whereas
in Llaca their concentrations are similar to those reported by Bain [107]. These elements
generally occur at low concentrations in such environments; however, they should be
monitored in future studies. PO4

3− was absent, confirming its role as the primary lim-
iting nutrient in these high-Andean oligotrophic ecosystems [108,109]. The presence of
SO4

2− was relevant in both study areas, with Gueshgue showing the highest concentration
(~37.79 mg/L), consistent with the geochemical signature of sulfide oxidation [110,111].
In Llaca, its presence may be related to glacier meltwater flowing over stable granitic or
silicate bedrock without sulfide-bearing minerals [112]. NO3

− concentrations were typi-
cally low [107], as in these high proglacial zones they mainly originate from atmospheric
deposition or from the melting of old snow layers that concentrate aerosols [113–115].

Regarding total metals, the relatively high concentrations of Al, Ca, Fe, K, Mg, and Si
likely reflect mineral inputs associated with the weathering of local lithological materials
and the mobilization of glacial sediments within the study catchments [81,92,116–118]. This
interpretation is consistent with the geological setting described in Section Bedrock Geology
and Lithological Setting, although the specific mineral phases contributing to the observed
elemental concentrations were not directly analyzed in this study. These elements are also
characteristic of other sectors of the Cordillera Blanca, such as Quillcayhuanca and Shallap,
where higher concentrations of Al, Mn, Pb, and Zn have been reported [119], and Pastoruri,
where high concentrations of SiO2, Al, Co, Fe, Mg, Ni, and Zn have been found [92].
These areas are also ecosystems associated with ARD-related problems. Proglacial lakes
have been found to contain higher metal concentrations overall [120]. In surface waters,
further spatial and temporal monitoring of Al and Fe in Llaca and of Al, Fe, and Cd in
Gueshgue is warranted to assess their mobility, persistence, and potential downstream
environmental relevance.

4.3. Study Limitations and Environmental Implications

The results of this study should be interpreted within the spatial and temporal scope
of the sampling design. The geochemical patterns identified represent a synchronized
sampling fieldwork conducted in December 2024 and therefore do not quantify seasonal
variability or interannual changes. Although the composite soil sampling and distribution
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of water stations allowed a comparative assessment of Llaca and Gueshgue, a denser
spatial network and repeated sampling under contrasting seasonal hydrological conditions
would improve the assessment of within-site variability and the temporal persistence of
the observed patterns.

From an environmental perspective, the contrasting geochemical conditions identi-
fied in Llaca and Gueshgue highlight the importance of continued monitoring of recently
deglaciated headwater systems [4,5,21]. In particular, the acidic conditions, elevated SO4

2−

concentrations, and associations with trace elements (such as As, Pb, Cr, and U) observed
in Gueshgue may influence downstream water chemistry and the ecological conditions
of connected aquatic environments [23,44,92]. Likewise, the elevated concentrations of
some potentially toxic elements detected in soils and waters warrant further spatial and
temporal assessment to determine their mobility, persistence, and transfer across envi-
ronmental compartments [21,68,81]. However, the present study did not evaluate human
exposure, water-consumption pathways, bioavailability, or toxicological risk; therefore,
no direct conclusions regarding human health risk can be drawn from these results. Ded-
icated environmental and human health risk assessments would be required to address
these issues.

5. Conclusions
This study highlights the importance of describing and interpreting patterns of change

in abiotic components, such as soil and water, within tropical proglacial ecosystems,
which evolve differently under the influence of glacier shrinkage and climate change.
Based on the analysis of 18 soil samples and 24 water samples, 59 and 70 physicochemi-
cal properties, respectively, were evaluated in glacier retreat areas corresponding to the
1970/1984–2025 period in the Llaca and Gueshgue glaciers of the Cordillera Blanca, Peru.
Our results indicate significant differences (p < 0.05) in most of the analyzed parameters,
which define contrasting geochemical patterns of these recently exposed areas by tropical
glacier retreat.

The integrated geochemical patterns indicate that Gueshgue exhibits ARD-like con-
ditions consistent with the oxidative weathering of sulfide-bearing materials, whereas
Llaca behaves as a predominantly neutral system characterized by stronger signals of
physical erosion and the mobilization of fine glacial sediments. These contrasting geo-
chemical patterns may also be influenced by differences in the geological setting of the
two study areas. In Llaca, granodioritic and monzogranitic lithologies of the Cordillera
Blanca Batholith dominate the surrounding bedrock, whereas Gueshgue is characterized
by a more heterogeneous geological setting that includes granodioritic–tonalitic intrusive
rocks and sedimentary units of the Chicama Group–Tinajones Formation. The contrasting
lithological settings, together with glacier retreat and sediment mobilization processes,
may therefore contribute to the differentiated elemental patterns observed in the soils and
water bodies of both study areas. The multivariate analyses further showed that the degree
of within-area heterogeneity differed between environmental compartments: Gueshgue
exhibited greater internal variability in soil geochemistry, whereas Llaca showed greater
heterogeneity among its sampled water bodies.

This study provides an opportunity to deepen the understanding of the effects of
glacier retreat on high-mountain environments and of how existing physicochemical prop-
erties may condition other abiotic and biotic factors during ecosystem evolution. Likewise,
it should be regarded as an opportunity to better understand these rugged and difficult-to-
study ecosystems, with a view toward continuous and sustained monitoring, given that
this characterization may change in the future and trigger a series of reactions capable of
modifying the entire system.
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Future studies should investigate the mechanisms and interconnections among addi-
tional ecosystem components, including sediments, groundwater, geological setting, and
hydrological connectivity, through expanded spatial sampling and repeated monitoring un-
der contrasting seasonal conditions. Aqueous speciation and mineral saturation modeling,
supported by dedicated hydrogeochemical and mineralogical datasets, would also help
identify potential mineral dissolution and precipitation processes. Spatial gradients related
to distance from the glacier margin, topography, and reconstructed terrain exposure time
should be explicitly evaluated. Distinguishing simple spatial distance from the actual time
elapsed since ice retreat, together with assessing seasonal and interannual variability, will
be particularly important for determining the temporal stability and evolution of soil and
water geochemistry in tropical proglacial ecosystems.
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