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Abstract. High Mountain Lakes in the Central Andean Altiplano experienced significant fluctuations in water levels during 

the Late Quaternary, which have affected the composition of aquatic communities. In this study, Casiri Hembra and Casiri 

Macho Lakes (Northern Chile, > 4,800 m a.s.l.) sediment cores were obtained and analyzed by combination of different 

proxies: analyses of geochemistry, magnetic properties, and pollen assemblage, joint to ecological proxies, such as the structure 15 

of benthic macroinvertebrates, to identify environmental changes that occurred in the Altiplano region during the late 

Holocene, with particular emphasis on distinguishing local influences from broader regional processes and their impacts on 

aquatic community structure and surrounding vegetation of these isolated high-mountain lakes. Results showed a progressive 

change in depositional dynamics from the Late Holocene to the present, 900 years in Casiri Hembra Lake, and over 3,000 

years in Casiri Macho Lake. Older sediments show a general dominance of fine-grained sediments, with episodes suggesting 20 

the influence of high-energy clastic inputs, likely reflecting episodic flooding or increased basin runoff. Recent deposits 

indicate the development of low-energy lacustrine conditions, increased productivity, and reduced terrigenous input. Volcanic 

activity of the surrounding complex was recorded. The aquatic community of Casiri Lakes shows a significant replacement of 

taxa, from Ostracoda and Diptera in older sediments to Anostraca Crustacea in the most recent sediments. In addition, the 

presence of local microhabitats for the observed community is noted. High sedimentation rates in Casiri Lakes suggest 25 

complementary depositional sources to authigenic processes, such as sustained atmospheric deposition, which likely represents 

a significant contribution to the sediment budget. 

1 Introduction 

The Andean Altiplano (14-22°S)-Puna (22-27°S) is a north-south-extending plateau in the Central Andes of South America, 

located above 3,700 m a.s.l., flanked by the Western and Eastern Andes Ranges (Tapia et al., 2012), and borders Peru, Bolivia, 30 

Argentina, and Chile. The Dry Puna is an ecoregion that stretches from approximately 17 to 27°S, characterized by drier and 
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lower-stature shrubs and grasslands spreading from northern Peru to northern Chile and Argentina, featuring a marked dry and 

cold season during the austral winter (May–August) (García-Lino et al., 2023).  

The Altiplano-Puna has evolved through multiple phases of tectonic uplift and crustal shortening (Isacks, 1988; Allmendinger 

et al., 1997; Jordan et al., 2010), and its morphology has been modified afterward due to continuous drainage and erosional 35 

processes. In addition, the Central Volcanic Zone (CVZ) of the Andes, a band of active volcanic chains parallel to the 

continental margin from Southern Peru to Central Chile (14°S-27°S) (Stern, 2004), has formed what are now reflected as 

volcanic chains at elevations of 5,000-6,000 m (Allmendinger et al., 1997) and extensive ignimbritic surfaces (De Silva, 1991). 

These long-term processes, which include the input of volcanic material deposited in the basin bottom and the interaction of 

hydrothermal fluids originating from nearby geothermal and volcanic sources (Valero-Garcés et al., 1999; Telford et al., 2004; 40 

Sáez et al., 2007; Tapia et al., 2019). Also, the persistent action of erosion, together with the natural reorganization of drainage 

networks, has shaped the morphology of numerous large-scale fluvial-lacustrine basins (Garzione et al., 2006), thereby 

modifying the chemistry of the surrounding lakes (Sáez et al., 2007).  

An estimated 20% of the world's lake ecosystems are designated as remote, high-mountain lake systems (located at > 1,000 m 

a.s.l.) (Loria et al., 2020). These lakes are often sustained by the low permeability of crystalline bedrock, which limits water 45 

infiltration and promotes surface water retention (Catalán et al., 2006). Due to their proximity to cryospheric sources, high-

mountain lakes are particularly susceptible to the effects of rising global temperatures (Reato et al., 2021). Melting and thawing 

processes are significantly transforming these systems, which represent both prominent geomorphic features and critical 

freshwater reservoirs (Reato et al., 2021; Lone and Balakrishna, 2023). Given current global warming trends, it is crucial to 

identify past forcing factors to understand lacustrine processes and their future spatiotemporal dynamics. 50 

High Mountain Lakes in the Central Andean Altiplano experienced significant water level fluctuations during the Late 

Quaternary, altering their surface area-to-volume ratios (Placzek et al., 2009); therefore, this region provides a key archive for 

studying Quaternary climate variability. Altiplano lakes and sedimentary records reveal humid phases (e.g., the end of the last 

glacial period) and arid episodes during the mid-Holocene, linked to anomalies in the Intertropical Convergence Zone (ITCZ) 

(Grosjean et al., 2001; Baker et al., 2001; Placzek et al., 2006), in addition to regional factors, such as El Niño-Southern 55 

Oscillation (ENSO) variability (Polissar et al., 2013). All of these factors contributed to changes in lake levels, which, in turn, 

affected the composition of the planktonic communities inhabiting the lakes (e.g., Tapia et al., 2003). Regardless, very little is 

known about the effects of long-term lake-level variability on the functional properties, such as lacustrine productivity (Bao 

et al., 2015).  

Altiplano’s fragmented and isolated waterscapes have provided patches of local suitable habitats for the reproduction and 60 

refuge of many aquatic invertebrate species and terrestrial insects with aquatic larval stages (Collado et al., 2011, 2014; 

Jacobsen and Dangles, 2017). Life-history strategies and morphological traits variations are likely influenced by local 

environmental conditions and selective pressures, suggesting specific adaptations to the microhabitats of the Altiplano (Acuña-

Valenzuela et al., 2024). In extreme northern Chile, in the Caquena sub-basin, the Casiri Lakes basins reveal a Pleistocene-

Holocene volcanic and glacial dynamics. Phylogenetic studies have suggested that recent isolation events in aquatic systems 65 
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occurred within the basin (Collado et al., 2011, 2014), producing high endemism in different invertebrate groups, Orestias 

fishes, and vegetation groups. Nevertheless, the ecological drivers of community differentiation in the Caquena sub-basin 

remain unresolved. 

In arid and high-altitude environments, lacustrine sedimentation is not solely controlled by catchment-derived inputs but may 

also include a significant contribution from direct atmospheric deposition. Under conditions of limited vegetation cover, 70 

reduced runoff, and abundant fine-grained surface sediments, aeolian transport can become an efficient mechanism for 

delivering clastic material to lake basins (Last and Smol, 2001; Muhs, 2013). As a result, sediment accumulation in such 

systems may reflect a combination of hydrological and atmospheric processes, with important implications for interpreting 

sedimentary records of past environmental and climatic changes (Prospero et al., 2002; Mahowald et al., 2010). 

In this study, the Casiri Lakes (Arica y Parinacota Region, Northern Chile) sediment cores were obtained and analyzed by a 75 

combination of different proxies: geochemistry, magnetic properties, and pollen assemblage, joint to ecological proxies, such 

as the structure of benthic macroinvertebrates, to identify environmental changes that occurred in the Altiplano-Puna region 

during the late Holocene, with particular emphasis on distinguishing local influences from broader regional processes and their 

impacts on aquatic community structure and surrounding vegetation of these isolated high-mountain lakes. 

2 Methodology 80 

2.1 Study site 

The Casiri Lakes basin is located 12 km west of the Caquena village (18°3'S, 69°12'W) in, Arica and Parinacota Region, near 

the international border with Bolivia (Fig. 1a, b). Casiri Macho Lake (4,845 m a.s.l., 18°3’S, 69°5' W) is located on the southern 

flank of Kunturiri volcano. It is hydrologically connected to two neighboring bodies of water: Casiri Hembra Lake (4,813 m 

a.s.l., 18°4' S, 69°6' W) to the west, and Sora Pata Lake (4,930 m a.s.l., 18°3.8' S, 69°4.1' W) to the northeast. These lakes are 85 

interconnected by a gently sloping drainage system that runs through a stream. Casiri Macho Lake lies within a paraglacial 

basin shaped by extensive Pleistocene glaciation, during which paleoglaciers extended below 4,450 m a.s.l., as evidenced by 

moraines and fluvioglacial deposits in the region (Ammann et al., 2001). Post-glacial aridification has since transformed the 

basin into a topographically confined system bordered by steep volcaniclastic slopes (Grosjean et al., 2001; Sáez et al., 2007). 

The lake's modern hydrology is based on meltwater from the Kunturiri snow-capped mountains, channeled through Sorapata 90 

Lake, where Casiri Macho discharges into Casiri Hembra Lake. The Casiri Macho Lake covers an area of 39.4 ha (0.39 km2), 

with a length of 753.54 m and a depth of 41 m. Casiri Hembra Lake covers an area of 83.8 ha (0.84 km2), with a length of 

1229.6 m and a depth of 29 m (Fig. 1c). 

The oldest unit in the study area corresponds to the Pleistocene-aged Condoriri Volcanic Complex (Plcl), mainly composed of 

pyroxene-andesitic lava flows affected by moderate to intense glacial erosion. ⁴⁰Ar/³⁹Ar dating yielded an age of 650 ± 70 ka 95 

(García et al., 2004). This unit crops out mainly north of both lakes (Fig. 1c). To the southwest of Casiri Macho Lake and 
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southeast of Casiri Hembra Lake, the Larancagua Volcanic Complex (PIII) crops out, consisting of andesitic to dacitic domes 

and lava flows assigned to the Pleistocene based on stratigraphic relationships and the degree of glacial erosion (Clavero et al., 

2012). Along the western margin of Casiri Hembra Lake, the Pomerape Volcano (Plpd) is represented by dacitic domes 

displaying flow banding and mafic enclaves. K-Ar and ⁴⁰Ar/³⁹Ar ages indicate volcanic activity during the Middle to Late 100 

Pleistocene (Wörner et al., 1988; Clavero et al., 2004). Extensive glacial deposits (PIHg), associated with lateral, frontal, and 

ground moraines, overlie these volcanic units and are attributed to the Last Glacial Maximum during the Late Pleistocene (14–

12 ka BP) (Ammann et al., 2001). During the Late Pleistocene and Holocene, lacustrine deposits (PIHI) accumulated mainly 

around Casiri Hembra Lake. These sediments are rich in organic matter and interbedded with peat and pyroclastic layers, 

reflecting hydrological fluctuations and volcanic inputs. In addition, recent alluvial and colluvial deposits (PIHac and PIHa), 105 

associated with gravitational and fluvial processes, are recognized throughout the area. Finally, a thin crust of Holocene 

evaporitic saline deposits (Hs) crops out south of Casiri Hembra Lake (Clavero et al., 2012, 2018). 

2.2 Samples collection 

Sampling fieldwork was conducted in December 2021 and in May 2022, at the beginning and end of the wet season in the 

Andean Altiplano, respectively. In December, surface water physicochemical parameters such as pH, conductivity, 110 

temperature, and total dissolved solids (TDS) were measured using a portable multimeter (Hanna-HI98194); in addition, 

filtered water samples were collected from the surface of lakes Casiri Hembra and Casiri Macho, primarily in littoral areas, 

with the aim of quantifying the main cations and anions. Five samples (CAH-1 to CAH-5) were obtained from Casiri Hembra, 

distributed across the northeastern, eastern, southern, and western sectors of the lake, including areas near the Kunturiri 

Volcanic Complex, lacustrine deposits, and an adjacent dacitic dome. Surface water sample CAH-5 was collected at the 115 

extraction point for sediment core CAH-SHC-2. Two surface samples (CAM-1 and CAM-2) were collected from Casiri Macho 

in the lake surface discharge zone, both from the same sampling point. Water samples were filtered in the field using 0.22 µm 

syringe filters and Luer-Lok syringes, then kept at 4°C until analysis. In the May fieldwork, Casiri Hembra Lake and Casiri 

Macho Lake were coring sampled. The specific coring sampling point for each lake was selected based on bathymetry 

previously generated using a Garmin EchoMap Plus 42CV (Fig. 1c). 120 
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Figure 1: Location of the Caquena sub-basin in the Arica y Parinacota Region, Northern Chile (a). Location of the selected lakes for 

this study (b). Geological map of the Caquena sub-basin, showing Casiri Macho, Casiri Hembra, and Sorapata Lakes, based on 

Clavero et al. (2012), including bathymetries of Casiri Macho and Casiri Hembra Lakes (c). 

One sediment core was obtained from the deepest part of each lake, where the highest sedimentation rates are expected. In 125 

Caisiri Hembra Lake, the deepest point was at 29 m, and the obtained core, CAH-SHC-2, measured 95 cm in length. 

Meanwhile, in Casiri Macho Lake, the deepest area was located at 41 m, and the core CAM-SHC-2 measured 128 cm in length. 

The cores were obtained using a UWITEC gravity corer (9 cm in diameter), operated from a surface platform. The cores were 

transported in a PVC casing to prevent vertical movement and control temperature until they arrived at the Center of Advanced 

Research in Arid Zones (CEAZA) in La Serena, Chile. The cores were stored at 4°C, underwent longitudinal splitting, 130 

photographing, and X-ray imaging (Appendix Fig. A1).  

2.3 Age-depth models  

The chronology was established through radiocarbon (14C) dating using Accelerator Mass Spectrometry (AMS) on bulk 

sediment at the Direct AMS laboratory in the USA. The dates were calibrated against the Southern Hemisphere curve 

(SHCal20; Hogg et al., 2020), and the age-depth model was constructed using the Bacon package (Blaauw and Christen, 2011) 135 

with default settings. 

https://doi.org/10.5194/egusphere-2026-3159
Preprint. Discussion started: 23 June 2026
c© Author(s) 2026. CC BY 4.0 License.



6 
 

2.4 Water physicochemical properties and sediment analysis 

Main cations and anions of lake waters were measured by liquid chromatography using a METROM ECO IC Package. HCO3- 

and CO32- were analyzed by acidimetric titration with HCl 0.1 M. Ionic balance error was lower than 10%.  

Grain size was measured at 1 cm intervals from sediment samples using laser diffraction to determine particle distribution with 140 

a MasterSIZER 2000 at the Department of Geology, Universidad de Chile. Data processing was performed with Hydro2000 

software, and grain size classification followed the Udden-Wentworth scale (Tucker, 2009). 

Elemental depth distribution was qualitatively estimated using an XRF Core Scanner (Avaatech XRF Core Scanner, sixth 

generation) at Universidad de Concepción. Each core section was covered with a 4 µm thick Ultralene® plastic film to prevent 

contamination and protect the detector window. Measurements were taken at 0.5 cm resolution, covering 90 cm of CAH-SHC-145 

2 and 112 cm of CAM-SHC-2. The instrument settings are as follows: Voltage (kV): 10; 20;  50; Count time (s): 27; 40; 39; 

Filter: no filter; Pd-thin; Cu. Raw data, expressed as element intensities in counts per second (cps) per centimeter, were 

subsequently corrected using the centered log-ratio (clr) transformation to minimize bias from matrix effects and the closed-

sum constraint (e.g., Weltje et al., 2015; Lee et al., 2019; Schwestermann et al., 2020; Bertrand et al., 2024). 

Organic, inorganic, and carbonate matter content were estimated by the loss on ignition (LOI) test (Heiri et al., 2001) at 1 cm 150 

contiguous intervals. Sediment samples were placed in pre-weighed crucibles and oven-dried to constant weight for 24h at ca. 

105°C, after which they were removed and allowed to cool to room temperature in a vacuum desiccator. Once cooled, they 

were reweighed primarily to ensure the samples were fully dried before determining their organic and carbonate contents. The 

process was repeated at 550ºC and 950ºC, and the percentages of organic matter and carbonates was calculated using Eqs. 1 

and 2, respectively.  155 

LOI550 = ((DW105–DW550)/DW105)*100         (1) 

Where LOI550 represents LOI at 550 °C (as a percentage), DW105 represents the dry weight of the sample before combustion, 

and DW550 the dry weight of the sample after heating to 550 °C (both in g). In a second step, carbon dioxide is evolved from 

carbonate, leaving oxide, and LOI is calculated as: 

LOI950 = ((DW550–DW950)/DW105)*100         (2) 160 

Where LOI950 is the LOI at 950 °C (as a percentage), DW550 is the dry weight of the sample after combustion of organic 

matter at 550 °C, DW950 represents the dry weight of the sample after heating to 950 °C, and DW105 is again the initial dry 

weight of the sample before the organic carbon combustion (all in g). The weight loss by LOI at 950 °C, multiplied by 1.36, 

should theoretically equal the weight of the carbonate in the original sample (Bengtsson and Enell, 1986). 

The magnetic susceptibility (k) of sediments was analyzed at 1 cm intervals using a Kappabridge MFK1_FA instrument 165 

(AGICO Co) in the Paleomagnetism Laboratory of the Geology Department, Universidad de Chile. This was measured under 

environmental conditions (22–24 ◦C) and a magnetic field of 200 A/m. The samples were measured at two different 

frequencies: 976 Hz (low frequency; klf) and 15,616 Hz (high frequency; khf). In this study, the parameter k is equivalent to 
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klf. The magnetic susceptibility dependent on the frequency (kfd%) was calculated using both χlf and χhf (kfd%= (klf - khf/ 

klf )×100%; Dearing et al., 1996).  170 

The magnetic mineralogy was determined through thermomagnetic experiments (magnetic susceptibility as a function of 

temperature). Two representative sediment samples from Casiri Hembra (18 and 66 cm depth) and Casiri Macho (9 and 86 cm 

depth) Lake were selected for analysis at the Magnetism Laboratory of Geoscience Environmental Toulouse (GET). The 

experiments were conducted using a CS3 furnace coupled to a KLY5 susceptometer (AGICO Co.), applying a weak magnetic 

field (300 A/m), at 1 atm pressure and under a helium atmosphere. Each sample was heated from room temperature (~25 °C) 175 

to approximately 700 °C and subsequently cooled back to room temperature. Curie temperatures were determined following 

the method of Hodel et al. (2017), based on the calculation of the gradient |(KTₙ₊₁ − KTₙ)/(Tₙ₊₁ − Tₙ)|. 

2.5 Biological proxies 

Pollen records were analyzed at 4 cm intervals in both cores CAH-SHC-2 and CAM-SHC-2. A 1 cm³ volume of sediment 

from each sample was processed according to standard laboratory techniques, including KOH, HF, and acetolysis treatments 180 

(Faegri and Iversen, 1989). Tablets of the exotic spore Lycopodium clavatum were added to each sample to calculate pollen 

concentration (grains·cm-3) (Stockmarr, 1971) and pollen influx (grains·cm-3·yr-1). Pollen grains were identified at 400x and 

1000x magnification using the pollen reference collection of the Laboratory of Palynology at CEAZA and reference pollen 

books (Heusser 1971; Markgraf and D'Antoni 1978; Villagrán 1980). The basic pollen sum for each level includes at least 300 

terrestrial pollen grains (trees, shrubs, grasses, and herbs) per sample, excluding aquatic and paludal pollen types and fern 185 

spores.  

Benthic invertebrates were separated, identified, and counted from each centimeter of sediment cores, totaling 93 samples 

from CAH-SHC-2 and 125 from CAM-SHC-2. A 210 µm sieve was used to clean the samples. The samples were preserved 

in 70% alcohol and observed under a stereomicroscope with a maximum magnification of 90x. The GBIF database was used 

for taxonomic classification. 190 

2.6 Statistical analysis 

To analyze associations between sediment chemical variables, a Stratigraphically Constrained Cluster Analysis (CONISS) and 

Principal Component Analysis (PCA) were applied to the clr-transformed XRF dataset. Previously, a Spearman correlation 

was performed; strongly correlated variables (> 0.7) and, therefore, collinearity between them were considered when filtering 

the explanatory variables (Appendix Fig. A4). Thus, sedimentary variables (grain size, magnetic susceptibility, and Organic 195 

Matter [OM]) were not included as active variables in the clustering and ordination analyses. The sedimentary variables were 

subsequently projected onto the ordination space of the PCA figure using the envfit function in the vegan package (Oksanen 
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et al., 2026). PCA was performed using Euclidean distance to visualize the distribution of variance among clusters obtained 

by CONISS analysis, implemented with the vegan and rioja packages (Juggins, 2024).  

To evaluate the benthic invertebrate community, the identified taxonomic groups were classified according to functional 200 

similarities and Hellinger-transformed (Legendre and Legendre, 2012) using the vegan package. Community turnover was 

assessed using the rate-of-change method implemented in the RRatepol package (Mottl et al., 2021), applying a moving-

window approach with 100-year time bins and the Chord dissimilarity coefficient. All statistical analyses were conducted in 

R (version 4.5) (R core Team, 2025). 

3 Results 205 

3.1 Age-depth models 

A total of four radiocarbon (¹⁴C) dates spanning 888 cal yr BP were obtained from  CAH-SHC-2, and six dates spanning the 

past 3,052 cal yr BP were obtained from CAM-SCH2. The resulting age-depth models indicate a relatively linear relationship 

of both records (Appendix Fig. A1), suggesting a consistent deposition rate throughout the entire records, estimated as 0.1 

cm·yr⁻¹ for CAH-SHC-2 and 0.05 cm·yr ⁻¹ for CAM-SCH-2, as illustrated in the central panels of Appendix Fig. A1. 210 

3.2 Water physicochemical properties and sediment analysis 

The results of standard physico-chemical parameters of surface water in Casiri Hembra and Casiri Macho Lake are presented 

in Table 1. In general, the water of Casiri Macho was colder, less conductive, and contained a lower proportion of TDS than 

in Casiri Hembra. Both lakes presented alkaline pH (Table 1).  

 215 

Table 1. Physical and chemical parameters of surface water of Casiri Macho and Casiri Hembra Lakes. 
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Sediment analysis results are summarized in Figure 2 and Appendix Fig. A2. LOI results showed that the sediment content in 

both lakes is predominantly clastic (83% in Casiri Hembra and 90% in Casiri Macho), followed by organic matter (14% in 

Casiri Hembra and 8% in Casiri Macho), and carbonates < at 3% in both lakes. In both cores, a slight increase in the percentage 220 

of organic matter was observed from the bottom to the top, but in no case did it exceed 25%.  

The grain-size analysis of Casiri Hembra Lake showed a mean size of 32.5 µm, classifying the sediment as silt. Grain sizes 

range from 22.6 µm to 103.6 µm, encompassing the clay-to-sand fractions, with no gravel detected. The distribution of 

sediment fractions showed a higher proportion of silt throughout the core, with clearly differentiated sand peaks below 50 cm. 

At Casiri Macho Lake, the mean particle size was 32 µm (silt), with overall grain sizes ranging from 13.5 µm to 75 µm, 225 

spanning the clay-to-sand fractions. The distribution of sediment fractions showed a higher proportion of silt throughout the 

core, particularly in the uppermost part, with an average grain size of 25 µm. A higher proportion of the sand fraction is 

observed, with peaks reaching 50%, at depths greater than those covered by the Casiri Hembra core (Fig. 2).  
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Figure 2: Geochemical profiles (lines) with CONISS clusterization and sedimentary variables (shaded profiles) plot obtained from 230 
Casiri Hembra Lake (a) and Casiri Macho Lake (b). 

(a)

(b)
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Both sediment core records, CAH-SHC-2 from Casiri Hembra (Fig. 2a) and CAM-SHC-2 from Casiri Macho (Fig. 2b) 

(Appendix Fig. A2) showed four CONISS-separated stratigraphic zones with distinctive textural and geochemical 

characteristics. For greater clarity in identifying the zones of each sediment core, CAH-SHC-2 zones were designated HZ1-

HZ4, while the zones defined for CAM-SHC-2 are designated MZ1-MZ4 from the deepest to most surface.  235 

In CAH-SHC-2, Zone 1 (HZ1) (71-93 cm; 660-897 cal yr BP) is characterized by high silt (~78%), a low clay content (~2.4% 

on average) but slightly higher than the overlying intervals, and intermediate organic matter and carbonate content (LOI550 = 

12%, LOI950 = 2.6%). XRF signals showed slightly high Si content. The overall geochemical background is stable, mainly in 

Al, Fe, Zn, with small-amplitude peaks, where it also occurs with the content of sand and MS, which could indicate the input 

of iron and silicate-rich detritus under relatively low to moderate depositional energy. Although HZ1 corresponds to a layer of 240 

discrete organic and carbonate content, suggesting low productivity, an increase in organic matter and carbonates is observed 

at the upper limit of the horizon. Overall, HZ1 records predominantly fine-grained, terrigenous depositional regimes with 

short-duration disturbances (small clastic pulses). 

HZ2 (48-71 cm; 423-660 cal yr BP) is characterized by containing the most pronounced coarse-grained, high-energy evidence 

of the sedimentary core. HZ2 exhibits two clear events of high sand content (>30-60%), marked increases in magnetic 245 

susceptibility, and decreases in organic matter and carbonate content, at the bottom (~70 cm depth) and the top (~49 cm depth) 

of the horizon. These sand-rich horizons show the highest levels of K and Ti in the entire record, in concordance with the 

minimum of Mn, Si, and S. The combination of a high sand fraction and magnetic susceptibility is consistent with a rapid input 

of coarse and dense minerals (feldspar and tephra/lithic fragments), related to possible episodic flooding, debris flow, volcanic 

eruptions or mass transport events into the lake.  250 

HZ3 (15-48 cm; 82-423 cal yr BP): This zone is characterized by markedly thinner grain size and growing organic matter 

content, compared to HZ2. In HZ3, sand and clasts decrease substantially, while OM and carbonates are more variable, 

increasing towards the top of the horizon. The low magnetic susceptibility and coarser material observed suggest a period of 

reduced clastic delivery and/or erosion in the catchment. Element profiles in HZ3 show relatively high concentrations of Si 

and Fe, and the highest concentrations of Mn. A reduction in Al, K, and Ti is also observed, along with a slight and sustained 255 

increase in Zn and S. These variations suggest a transition to a low-energy regime, with preservation of organic matter and 

carbonate. At 〜40 cm depth, a large Ca peak is highlighted.  

HZ4 (0-15 cm; modern-82 cal yr BP): The upper zone is the thinnest and richest in organic matter in the sedimentary core. 

Clay increases and magnetic susceptibility remains low, as in HZ3. Elemental patterns show Si, Ca, and Ti content similar to 

that of HZ3, but with a rapid decrease in Fe and Mn content. There is a notable increase in S and a higher Zn peak during the 260 

last period. These characteristics indicate low-energy depositional conditions dominated by autochthonous sedimentation and 

organic accumulation in the modern lake environment. 

In CAM-SHC-2, Zone 1 (MZ1) (103-128 cm; 2,395–3,052 cal yr BP) shows a marked internal transition in sediment 

characteristics. The deeper portion of the zone is dominated by fine-grained sediments composed primarily of silt, organic 

matter, and carbonate contents. Overall, in this zone, geochemical profiles are marked by short-term peaks and troughs. At 265 
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~105 cm depth a pronounced change occurs, grain size shifts from silt to sand, while both organic matter and carbonate decline, 

and clastic fragments and magnetic susceptibility increase. This pronounced change coincides with an increase in Al, K, Ca, 

Ti, and Fe, while Mn, Si, and S decrease. 

In MZ2 (69-103 cm; 1,708–2,395 cal yr BP) is dominated by fine to moderately fine sediments, with silt remaining the principal 

grain-size fraction. A clear event occurs at ~79 cm, where sand and organic matter decrease, and clasts increase. Here, Al and 270 

K show an abrupt peak, while S, Fe, and Ti show a marked drop, possibly corresponding to a thin layer of volcanic ash/tephra 

or feldspar-rich debris.  

MZ3 (18–69 cm; 404–1708 cal yr BP) represents the thickest portion of the CAM-SHC-2 sequence and exhibits great 

variability in sedimentological proxies. Grain-size distributions show silt peaks, alternating with layers of increased sand 

fractions, occasionally accompanied by visible clasts. These coarser layers are associated with peaks in magnetic susceptibility, 275 

indicating episodic input of denser detrital material (~31, ~43, ~60 cm depth). Elemental variations also reflect these pulses 

with localized increases in Al, Ti, and K, and a drop in Mn, Si, and S in the sandier horizons. 

MZ4 (0–18 cm; modern–404 cal yr BP) represents the most recent depositional conditions and is characterized by the highest 

proportion of fine-grained sediments, carbonates, and organic content in the core. Sand and clay fractions, together with 

magnetic susceptibility, remain very low, whereas silt predominates. Al, K, Ti, and Fe decrease to their lowest levels here, 280 

while Mn, Si, S, Ca, and Zn reach the highest relative abundance through the core.  

In summary, the CAM-SHC-2 is a longer and more compressed record than the CAH-SHC-2; nevertheless, variations observed 

in the CAH-SHC-2 agree with those observed in the first 45 cm of the CAM-SHC-2. In both, a stratigraphic succession records 

progressive change in depositional dynamics from the Late Holocene to the present. At the base, CAM-SHC-2 is dominated 

by fine-grained sediments but is interrupted by episodes of coarser material and fluctuations in key geochemical proxies (at 285 

107, 100, 87, 60, 42, and 33 cm, corresponding to 2500, 2350, 2000, 1400, 1000, and 70 yr BP, respectively). These intervals 

suggest the influence of high-energy clastic inputs, likely reflecting episodic flooding or increased basin runoff. Toward the 

surface, the record is dominated by silt-rich sediments with higher concentrations of organic matter and carbonates, even 

though the sum of both never exceeds 25%. These deposits reflect the development of low-energy lacustrine conditions, with 

increased lacustrine productivity or higher pH (as observed in the current water column), and reduced terrigenous input. 290 

The magnetic susceptibility profiles remain negative in both lake cores, indicating that they correspond to diamagnetic 

materials. The observed magnetic susceptibility peaks align with the sand peaks and clasts, in the granulometric and LOI 

profiles, respectively, suggesting a detrital origin and potentially indicating greater sediment input from outside the basin or 

lower authigenic mineral formation intensity (Fig. 2; Appendix Fig. A2). 

Thermomagnetic curves from Casiri Hembra (18 and 66 cm; Figure 3a and 3b, respectively) and Casiri Macho (9 and 86 cm; 295 

Figure 3c and 3d, respectively) show overall similar shapes. The shallow samples from both lakes are characterized by low 

magnetic susceptibility values and relatively high noise levels, indicative of low concentrations of ferromagnetic minerals, 

whereas the deeper samples show higher magnetic mineral concentrations, consistent with bulk magnetic susceptibility values 

(Fig. 2). In both lakes, susceptibility progressively decreases from approximately ~280–300 °C to ~580–600 °C, followed by 
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a sharp decline toward near-zero values at higher temperatures. The samples from Casiri Hembra and the deeper sample from 300 

Casiri Macho (86 cm; Fig. 3d) exhibit largely reversible thermomagnetic behavior, with the heating and cooling curves 

overlapping closely. In contrast, the shallow Casiri Macho sample (9 cm; Fig. 3c) exhibits a clearly irreversible response. The 

deeper samples (Fig. 3b and Fig. 3d) show a well-defined susceptibility drop near ~300 °C, whereas reliable Curie temperatures 

could not be confidently determined for the shallow samples due to their low signal-to-noise ratio. The predominantly 

reversible behavior observed in three of the four samples suggests that heating did not induce significant mineralogical 305 

transformations, consistent with the presence of thermally stable magnetic phases. On the other hand, the irreversible behavior 

observed in the shallower Casiri Macho sample is interpreted as resulting from mineralogical changes during heating, 

potentially involving the neoformation of magnetic minerals from precursor iron-bearing phases. This process may be favored 

by the higher abundance of iron hydroxides and organic matter in near-surface sediments, which are more susceptible to 

thermal alteration. Although the experiments were conducted under a helium atmosphere, oxygen adsorbed onto grain surfaces 310 

or trapped within pore spaces may promote partial oxidation during heating. The susceptibility decay observed between ~280 

and ~350°C, particularly in the deeper samples from both lakes, is compatible with the thermal destabilization of greigite. The 

more gradual decay extending toward ~580–600°C suggests a subordinate contribution from magnetite or low-Ti 

titanomagnetite, and may also indicate the presence of a slightly more oxidized magnetic phase. In the deeper Casiri Hembra 

sample there is a less pronounced susceptibility decrease between ~350 and ~580°C compared to the deeper Casiri Macho 315 

sample, which may reflect a higher proportion of titanomagnetite. As this phase is unlikely to form under reducing authigenic 

conditions, it probably has a detrital origin, suggesting greater external sediment input or lower authigenic mineral formation 

than in Casiri Macho. Overall, considering both lakes, the surface samples show lower concentrations of ferromagnetic 

minerals. The four samples, based on the shape of the thermomagnetic curves and supported by the magnetic susceptibility 

values, suggest the presence of greigite; however, the deeper samples show a higher proportion of this mineral, which may 320 

indicate an authigenic origin. Furthermore, the Casiri Macho samples appear to be characterized by a greater abundance of 

greigite compared to those from Casiri Hembra.  
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Figure 3: Curves obtained from thermomagnetic experiments (magnetic susceptibility as a function of temperature) from Casiri 
Hembra: 18 and 66 cm depth; (a) and (b), respectively; and Casiri Macho: 9 and 86 cm; (c) and (d), respectively 325 

3.3 Biological proxies 

The pollen record in both lakes was done, Casiri Hembra (Fig. 4a) with age of 900 yr BP, and Casiri Macho Lake (Fig. 4b) 

with an age of 3,000 yr BP. Both lakes show the same general trend, with dominance of Poaceae, different Asteraceae types 

and Rosaceae Polylepis/Acaena type. Thus, the Casiri Macho record shows, between approximately 3,000 and 2,200 yr BP, a 

dominance of Poaceae, though with a relatively higher presence of Asteraceae Baccharis-type, Asteraceae near the base of the 330 

record and subsequently relatively high values of Asteraceae Senecio-type (Fig. 4b). Both indicators could suggest a relatively 

higher presence of taxa associated with the Puna zone, in relation to the High Andean Steppe. High percentages of Poaceae 

between approximately 2,100 and 800 yr BP could suggest a greater presence of the High Andean Steppe zone, though this 

indicator declined around 1,500 yr BP when increasing Polylepis/Acaena pollen. Subsequently, the decline in Poaceae pollen 

and the increase in Baccharis-type Asteraceae, Apiaceae, and ragweed-type Asteraceae could suggest the expansion of the 335 

lower vegetation belt. Particularly, around 550 yr BP the increase of Asteraceae Baccharis type and Apiaceae Azorella type 

reinforce this trend.  
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Figure 4: Profiles of main pollen types, relative abundances in zonation based on CONISS cluster analysis for (a) Casiri Hembra 
and (b) Casiri Macho Lake. 340 

(a)
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The distribution of invertebrates throughout the entire CAH-SHC-2 core is characterized by the relative abundance of fossil 

records of Anostraca (52.8%), Diptera (28%), Sarcoptiformes (11.9%), and Ostracoda (7.2%). The relative abundance 

throughout the entire CAM-SHC-2 core shows the following distribution: Ostracoda (65.6%), Diptera (19.9%), Sarcoptiformes 

(9.4%), Anostraca (2.7%), f. Nematomorpha (1%), Coleoptera (0.3%), Plecoptera (0.1%), and other Arthropoda (1%). 

Although the proportions of dominant taxa varied between Anostraca and Ostracoda, the frequency of Sarcoptiformes and 345 

Insecta (grouping Diptera, Coleoptera, and Plecoptera) was similar in both lakes. A greater invertebrate diversity and 

taxonomic richness were recorded in sediment cores from Casiri Macho (mean Shannon index = 0.2788; mean richness = 

1.468) relative to Casiri Hembra (mean Shannon index = 0.2159; mean richness = 1.204).  

Figure 5 shows the profiles of macroinvertebrate relative abundances by depth for each core. In Figure 5a, Anostraca are 

present throughout the Casiri Hembra sediment record, with greater abundance in the recent period, since 200 yr to the present. 350 

The other three relevant groups reach higher and more regular abundances between 900 and 200 yr BP and are scarcer in the 

recent deposit. In Figure 5b, it is observed that Ostracoda were more variable in the deepest sediments (between 3,000 and 

2,000 yr BP), very abundant between 2,000 and ~400 yr BP, and rare since ~400 yr BP to the present. The opposite pattern is 

observed in Anostraca, which was exclusively found in the current period (~400 yr BP to nowadays). The other two dominant 

groups, the mites of the Sarcoptiformes and the insects of the order Diptera, showed variation across the record, with greater 355 

abundances and regularity between 3,000 and 2,000 yr BP, and during the recent period (~400 yr BP to nowadays). This 

turnover between taxa is reflected in significant values of the RoC statistic. In the Casiri Hembra record, there was one 

significant value, at 1,037 yr BP RoCCAH = 1.414 [0.221-1.414]. Meanwhile, in the Casiri Macho Lake record, there were two 

significant RoC values, at 296 yr BP RoCCAM = 1.303 [1.407-0.065], and at 936 yr BP RoCCAM =1.014 [1.408-0.087].  
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 360 

Figure 5: Temporal profiles of main benthic invertebrates, relative abundances in zonation based on CONISS cluster analysis for 
(a) Casiri Hembra and (b) Casiri Macho Lake. 

In the PCA of invertebrates results and inorganic indicators (Fig. 6), the main groups recorded in CAH-SHC-2, Anostraca and 

Ostracoda, are displayed in opposite directions (Fig. 6a). The Anostraca group is more strongly associated with Zn and Mn 

(Fig. 6a). Sarcoptiformes and Ostracoda are closely associated variables and weakly associated with Si. Diptera, in the first 365 

quadrant, is associated with K and Ti. In the PCA of CAM-SHC-2 (Fig. 6b), the selected variables explain more than 77% of 

the variance in the data. The three main taxa are distributed in different quadrants. Ostracoda are thoroughly associated with 

(a)

(b)

https://doi.org/10.5194/egusphere-2026-3159
Preprint. Discussion started: 23 June 2026
c© Author(s) 2026. CC BY 4.0 License.



18 
 

Ti, while Sarcoptiformes, Anostraca, and the other less–represented groups are associated with Ca and Si. The abundance of 

Diptera, in change, is not associated with any significant geochemical variable.  

 370 

Figure 6: Principal Component Analysis of macroinvertebrates abundances and geochemical variables, and clumped by CONISS 
zones, for cores from (a) Casiri Hembra and (b) Casiri Macho Lake. 

4 Discussion 

This study provided the first-ever sedimentary records from two lakes at the northernmost tip of the Chilean Altiplano, at high 

altitudes >4,800 m a.s.l.: Casiri Hembra and Casiri Macho Lakes, located on the border with Bolivia. Our results showed 375 

similarities between cores from both lakes: variations observed in the shorter core from Casiri Hembra agree with those in the 

first 45 cm of the Casiri Macho core. In both, a progressive change in depositional dynamics from the Late Holocene to the 

present is observed, 900 years in Casiri Hembra Lake, and over 3,000 years in Casiri Macho Lake. Older sediments show a 

general dominance of fine-grained sediments, with episodes suggesting the influence of high-energy clastic inputs, likely 

reflecting episodic flooding or increased basin runoff. Recent deposits indicate the development of low-energy lacustrine 380 

conditions, increased productivity, and/or reduced terrigenous input.  

Specifically, in Casiri Macho core (at ~79 cm depth, ~1800 yr BP), there is a clear event in which Al and K show an abrupt 

peak, while S, Fe, and Ti show a marked drop, possibly corresponding to a thin layer of volcanic ash/tephra or feldspar-rich 

debris. This localized layer could indicate the input of minerals such as feldspars, Fe-Ti oxides, and calcite, which suggest 

volcanic ash falls (Sabatier et al., 2022). The continuous fine-grained sediments and stable elements suggest a depositional 385 

environment dominated by background sedimentation under relatively stable hydrological conditions. Overall, this interval 

reflects relatively consistent lacustrine sedimentation with limited but episodic detrital input. Engel et al. (2014) identified a 
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period of stable temperatures between 2,750 and 1,950 yr BP from a Distichia peat core obtained from Western Cordillera of 

the Central Andes, Southern Perú, than coincides with inferred drier conditions associated with increased dust levels in the 

Sajama ice core (Thompson et al., 1998), and warm and wetter episodes around 1,880, 1,320 and 1,010 yr BP. Pollen record 390 

of Chungara Lake, also suggests humid conditions from 2,200 until 1,500 yr BP (Jara et al., 2019), while other proxies, such 

as rodent middens from Cuesta Chita, show similar trends with end of humid period around 1,000-700 yr BP (Jara et al., 2020; 

de Porras et al., 2021). 

Later, between 600 and 400 yr BP, there is an increase in Ti, Al, and K and a decrease in Ca, S, and Zn. Also, during this 

period, an increased clast fraction in the sediments, coarser grains (clay and sand), and peaks in magnetic susceptibility were 395 

observed. All these variations could be associated with an increased snowmelt associated with warmer periods, resulting in 

catchment runoff, greater detrital contribution and sediment input from outside the basin. Increased humidity and catchment 

runoff in the Altiplano and Atacama region commonly enhance erosion and terrigenous sediment transport into lacustrine 

systems, producing higher detrital input, coarser grain sizes, and increased magnetic susceptibility (e.g., Grosjean et al., 1995; 

Nester et al., 2007). This period is also marked by the onset of the decline in Poaceae pollen and by increases in Baccharis-400 

type Asteraceae, Apiaceae, and Ambrosia-type Asteraceae, as indicators of less humidity, such as in lower vegetational floor. 

The predominance of Poaceae, with Asteraceae as a secondary component, reflects modern Puna-type vegetation, 

characteristic of current high-elevation grassland ecosystems that dominate the Puna region and adjacent areas (Jara et al., 

2020). 

Following that period, for the most recent horizons up to the present day, both lake records show a strong decrease in Al, K, 405 

Ti, and Fe, a replacement from coarse- to fine-grained material, and from clasts to organic matter. In addition, increases in Mn, 

Si, S, Ca, and Zn suggest calcite precipitation or evaporative conditions, indicating drier modern conditions. Modern Casiri 

Macho sediments reflect a predominance of organic-rich fine-grained sedimentation, consistent with a transition to more 

productive lacustrine conditions and a decrease in detrital input. The reduced magnetic susceptibility allows us to infer a limited 

input of basin-derived ferromagnetic minerals. Overall, this zone represents a phase of intensified organic accumulation.  410 

Sedimentary and chemical proxies show interesting associations with the aquatic community. The modern macroinvertebrate 

community is dominated by Anostraca in Casiri Hembra and by Anostraca, Sarcoptiformes, and Diptera in Casiri Macho. 

Anostraca (Branchiopoda) is an order of crustaceans that generally inhabit ephemeral pools or hypersaline lakes, and they are 

characteristic of transient (alternately wet and dry), predator-free (e.g., fish) environments (García et al., 2023). In the same 

way, Sarcoptiformes (mites) primarily have carnivorous or parasitic feeding habits, particularly on aquatic insects, and inhabit 415 

temporary water bodies—extreme, highly unfavorable environments with very low biological diversity (Proctor and Pritchard, 

1989). The occurrence of mite fossil populations in lake sediments can provide clues to the existence of local microhabitats 

because, unlike many winged insects, mites have lower dispersal ability; therefore, their presence in certain environments 

indicates that conditions have remained in place that allow them to persist. 

Nevertheless, the observed modern structure has not always been the case. Deep sediments from Casiri Macho Lake show a 420 

broad dominance of Ostracoda Podocopida in older sediments, alternating with Diptera insects. Ostracods are common in all 
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types of nonmarine waters with neutral to alkaline pH, and they crawl on or burrow into their substrate, but tend to stay within 

the shelter of aquatic macrophytes (Holmes, 2002). Mourguiart and Carbonel (1994) showed a clear depth zonation of ostracod 

species in the large lakes of the Bolivian Altiplano, which they interpreted as reflecting water-depth and lake-level histories. 

Nevertheless, it seems likely that depth zonation is not a simple response to water depth, but is more linked to the depth 425 

distribution of aquatic plants within the lake (Holmes, 1997, 1998). This distribution, therefore, could suggest an indirect 

response to light availability, as well as to recharge and discharge of surface and groundwater (Holmes, 2002). On the other 

hand, Diptera insects, especially the most common Chironomids, are heterotrophs that usually feed on algae, fungi, pollen, 

leaves, detritus, and silt and are therefore expected to be found where organic matter is available. Finally, the observed groups 

in sediments communities of Casiri Lakes show the attributes proper of population facing harsh environmental conditions, 430 

such as wide daily temperature ranges, intense sunlight during the day and very low temperatures at night; strong winds; large 

variations in oxygen content and pH; large variations in water salinity, being able to adapt to extreme salinities; variations in 

water level, and seasonal or unexpected drying out or freezing of their habitat. Although these results highlight the 

macroinvertebrate community's sensitivity to environmental changes in the Caquena basin, a finer contribution to 

paleoenvironmental reconstruction requires taxonomic identification at the species level for key groups, which is a challenging 435 

task for all groups recovered from Casiri lake cores. 

Nutrient and mixing gradients are drivers of primary productivity in aquatic ecosystems (Winder and Hunter, 2008). The 

morphometric characteristics of the lake basin influence the total epilimnion volume and the degree of water-column mixing 

and thus can be a key factor in lake productivity (Imboden and Wuest, 1995; Wetzel, 2001). The high organic matter may 

imply a deposition regime dominated by lake productivity. The sedimentation of organic matter plays an important role in the 440 

sedimentation of sulfur in oligotrophic lakes; therefore, the observed pattern may reflect the decomposition of organic matter 

or more reducing water conditions, as observed in the current water column. 

Paleoenvironmental studies have been conducted at nearby Chungara Lake (18°14’S, 69°09’W, 4,517 m a.s.l.) situated in the 

Lauca River basin, 23 km from the Casiri Lakes, but separated from them by the Payachatas range (the Parinacota and 

Pomerape volcanoes). Results show low water levels during arid phases boosted nutrient recycling and terrestrial organic 445 

inputs, increasing organic carbon deposition (Giralt el al., 2008; Moreno et al., 2007; Pueyo et al., 2011; Bao et al., 2015; Jara 

et al., 2019). Similarly, organic-rich horizons between ~1,202 and ~1,000 yr BP in Casiri Macho may record relatively dry 

intervals with low lake density and higher organic influx, as evidenced by the increasing percentage of sand. This could indicate 

a concentration of coarser detritus or more intense runoff. Although organic matter levels rise again in parts of this interval, 

this increase could be due to episodic algal blooms triggered by doughnuts or terrigenous nutrient pulses. This change in 450 

nutrient availability coincides with a significant turnover in community composition. Conversely, the extended wet interval 

(~2,400-1,600 yr BP) identified in the regional records (Jara et al., 2019) was characterized by higher lake levels, 

predominantly autochthonous organic matter, and a higher content of fine inputs, such as clays.  

https://doi.org/10.5194/egusphere-2026-3159
Preprint. Discussion started: 23 June 2026
c© Author(s) 2026. CC BY 4.0 License.



21 
 

This interpretation is further supported by the sedimentological and geochemical characteristics of the sequence, including the 

dominance of fine-grained fractions and the behavior of detrital elements, which are consistent with a mixed sediment supply 455 

involving both catchment-derived and aeolian inputs (Last and Smol, 2001; Muhs, 2013).  

Results obtained from the Chungará Lake sediment records exhibit abrupt millennial-scale fluctuations in water levels that 

reflect non-linear responses to global forcing, highlighting the regional sensitivity to changes in atmospheric circulation since 

the early Holocene (Giralt et al., 2008; Pueyo et al., 2011; Bao et al., 2015; Orellana et al., 2023). The depositional history of 

Chungará Lake is dominated by pyroclastic inputs from the sector collapse of Parinacota volcano (~8,000–10,000 yr BP) and 460 

by neotectonic activity along an active normal-fault system (Clavero et al., 2002; Hora et al., 2007; Sáez et al., 2007). This 

faulting enhanced sediment supply through bedrock fracturing, leading to high sedimentation rates during the early Holocene 

(Sáez et al., 2007). In Casiri lakes, high sedimentation rates were also observed. These high sedimentation rates are difficult 

to reconcile solely with fluvial inputs, particularly given the limited hydrological connectivity and the absence of sustained 

high-energy runoff indicators. This suggests that additional sediment sources must be considered. In this context, sustained 465 

aeolian deposition likely represents a significant contribution to the sediment budget. In arid regions, dust flux can increase 

markedly due to enhanced sediment availability and transport efficiency, providing a continuous supply of fine-grained 

material to lacustrine systems (Prospero et al., 2002; Mahowald et al., 2010; Muhs, 2013). In such environments, limited 

vegetation cover and reduced runoff enhance the availability and mobilization of fine-grained sediments, allowing aeolian 

processes to act as an efficient transport mechanism into lake basins (Muhs, 2013; Mahowald et al., 2010). Consequently, 470 

sedimentary records from these settings may integrate both catchment-derived and atmospheric signals, particularly under 

conditions of increased regional aridity (Prospero et al., 2002). Therefore, the elevated sedimentation rates documented here 

may reflect a combination of episodic hydrological inputs and persistent atmospheric deposition. Based on personal 

observations, the formation of dunes of varying surface along the southwestern edge of Casiri Hembra Lake during certain 

periods suggests that wind-driven sediment transport is occurring. Although direct measurements of aeolian flux are 475 

unavailable, the consistency among sedimentological, geochemical, and environmental evidence makes this interpretation 

plausible (Last and Smol, 2001).  

The local characteristics of this highland basin show several particularities. Geologically, this basin is influenced by volcanic 

activity in the Parinacota-Pomerape region and the Kunturiri volcanic complex. Known eruptions (e.g., the Parinacota cone 

lavas of ~1,660 ± 350 yr BP and ~1,400 yr BP (Wörner et al., 1988, 2000) could have produced records in the core. For 480 

example, the organic-poor layer ~59-60 cm thick (~1,600 yr BP) could reflect a volcanic ash deposit that increased the 

mineralogical input, and more clearly at ~1800yr BP, where an abrupt increase of feldspars and Fi-Ti oxides were observed, 

corresponding a thin layer of volcanic ash/tephra. 

Finally, the analysis of Casiri Lakes core offers an opportunity for deepen in further paleoenvironmental and paleoecological 

studies. Dating and studying the history of different highland water bodies remains a challenge for characterizing the Holocene 485 

climate in the Altiplano. This is due to difficulties in establishing reliable chronological frameworks from the lacustrine 

sedimentary infill of most lakes, which requires determining the radiocarbon reservoir effect and its temporal variations (Geyh 
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and Grosjean, 2000; Hernández et al., 2011). In the case of Casiri Lakes cores, 14C-dated sediments show modern ages for 

surface sediments, and the date-depth relationship exhibits a linear trend. This, together with the low carbonate content (less 

than 5%), allows us to infer that, at least up to 3 ky, the reservoir effect is negligible in the Casiri Lakes sediments. 490 

Evidence of volcanic inputs and climatic episodes were observed, in agreement with another Altiplano paleoenvironmental 

records. Additionally, these results show the relevance of other local drivers, such as an active nutrient recycling that favors 

greater current productivity and that the nutrient dynamic favor the community turnover. In addition, isolation during arid 

periods could promote local adaptation in communities from Casiri lakes, as observed in other invertebrates and fish 

populations (Collado et al., 2011; 2014; Vila et al., 2013), highlighting the microhabitats of the Altiplano as ecological refuges 495 

and evolutionary promoters for aquatic populations.  

Conclusions 

This study provided the first-ever sedimentary cores from two lakes at the northernmost tip of the Chilean Altiplano, at high 

altitudes >4,800 m a.s.l.: Casiri Hembra and Casiri Macho Lakes. Progressive change in depositional dynamics from the Late 

Holocene to the present were observed, 900 years in Casiri Hembra Lake, and over 3,000 years in Casiri Macho Lake. Older 500 

sediments show a general dominance of fine-grained sediments, with episodes reflecting episodic flooding or increased basin 

runoff, while recent deposits indicate the development of low-energy lacustrine conditions, increased productivity, and/or 

reduced terrigenous input. 

High sedimentation rates were observed suggesting that atmospheric deposition should be considered as a significant 

contribution to the sediment budget. Also, volcanic activity records have been observed at ~1800 yr BP, with a thin layer of 505 

volcanic ash/tephra or feldspar-rich debris.  

These results show the relevance of an active nutrient recycling in Altiplano lakes that favors greater current productivity and 

that the nutrient dynamic favor the community turnover. 
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Appendix A 

 510 
 
Figure A1: Age-depth model for the lacustrine sediment cores from Casiri Hembra Lake (a) and Casiri Macho Lake (b), and X-ray 

images of CAH-SHC-2 (c), and CAM-SHC-2 (d). 
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 515 
Figure A2: Sedimentary analysis plot of loss on ignition (LOI), granulometry (Size class), and magnetic susceptibility (M.S.) for 

sediment cores from Casiri Hembra (a) and Casiri Macho Lake (b). 

https://doi.org/10.5194/egusphere-2026-3159
Preprint. Discussion started: 23 June 2026
c© Author(s) 2026. CC BY 4.0 License.



25 
 

 
Figure A3: Correlation matrix between elemental and sedimentological variables in sediment cores CAH-SHC–2 from Casiri 

Hembra Lakes and CAM-SHC-2 from Casiri Macho Lake. 520 
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Figure A4. Principal Component Analysis of geochemical and sedimentological variables, clumped by CONISS zones, for cores from 

Casiri Hembra (a) and Casiri Macho Lake (b). 
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